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The towed streamer controlled source electromagnetic (CSEM) system collects data
faster than the conventional static node-based CSEM system. However, the towed
streamer CSEM is typically much noisier than the conventional static node-based
CSEM. Identifying and quantifying various sources of noise is important for the de-
velopment of future robust electromagnetic streamer system. This is the problem I
address in this thesis. I achieve this in three parts.
First, I examine the idea that the towed streamer suffers from noise induced by its
motion through the Earth’s magnetic field according to Faraday’s law of induction. I
derive expressions for the motionally-induced noise for the cases of a horizontal streamer
parallel to the acquisition vessel’s path and a curved streamer caused by a constant
cross-current. These expressions demonstrate that the motionally-induced noise is sens-
itive to the magnitude of the feather angle at the head and at the tail of the streamer,
and to the vertical and lateral motion of the streamer. The key finding is that no
motionally-induced noise is generated when the streamer is horizontal and moving in
a constant magnetic field. By contrast, when the streamer shape is curved because
of cross-currents, motionally-induced noise is generated if the velocity of the streamer
varies over time.
Second, I analyse and compare the noise recorded using the first generation of towed
streamer with the noise recorded using a static ocean bottom cable (OBC) CSEM. I
find out that within the frequency range of interest, 0.01–1 Hz the towed streamer noise
is 20 dB greater (factor of 10) than the noise recorded with the OBC CSEM. I show
also that the motion of the telluric cable between the pair of electrodes in the towed
streamer is responsible for this difference in amplitude between the two systems. In the
frequency ranges, 0.03–0.1 Hz and 0.03–0.2 Hz, the motionally-induced noise is shown to
be uncorrelated across all channels. However, within the frequency band 0.1–0.3 Hz, the
motionally-induced noise correlation gradually increases and becomes well correlated
at about 0.2 Hz. This correlated noise could be caused by ocean swell from surface
waves, water flowing around the streamer or cross-currents.
Finally, to identify and quantify the contribution of several distinct sources of noise,
and to describe the mechanisms generating each source of noise, I co-designed a proto-
type towed streamer CSEM. I carried out an experiment with the prototype streamer
suspended 1 m below the water surface in the controlled environment of the Edinburgh
wave tank located in King’s building campus (the University of Edinburgh). I then
subjected the streamer to flow running at velocities of 0–1 m s−1 along its length and
to waves propagating in the same direction, at 45◦, and perpendicular relative to the
streamer direction.
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From the data obtained in the tank, I identify, quantify and characterise two separate
sources of noise: the motionally-induced electric field noise due to flow rates (referred
to as flow noise) and the motionally-induced electric field noise due to wave motion
(referred to as wave motion noise). I show that the motion of the streamer in response
to an increase of flow rate increases the noise level. However, most of the flow noise
occurred from 0 m s−1 to 0.5 m s−1. Above 0.5 m s−1, the increase of flow noise is
modest. The initial large flow noise difference observed when the flow increases from 0
m s−1 to 0.5 m s−1 is caused by local hydrodynamic effects due to flow over the electrode
surfaces. The wave motion noise is 12 dB (about a factor of 4) above the flow noise at
the wave frequency of 0.29 Hz. I show that this wave motion noise is due to the motion
of the telluric cable connecting two electrodes in response to wave motion. In addition,
I calculate the motionally-induced electric field noise based on the cable’s displacement
data and compare the result with the measured electric field noise. The key findings
are that the calculated motionally-induced electric field noise is correlated with the
measured electric field noise. I also observe that the measured electric field noise is
greater than the estimated wave motion noise by a factor of about 3. This discrepancy
is likely caused by additional noise in the telluric cable between the electrodes and the
amplifier.
The results of my investigations contribute to the understanding of the relation between
the motion of the streamer when towed in the sea and the electric field noise recorded.
The main source of noise in the towed streamer CSEM system is the motion of the
telluric cable connecting two electrodes) through the Earth’s magnetic field. From these
results, I conclude that the effects of wave motion could be reduced in three ways: use of
rigid telluric cables between a pair of electrodes, tow the streamer deeper, and increase
the cable and the telluric cable tension.
Lay Summary
Controlled source electromagnetic (CSEM) is a method used for the exploration of oil
and gas reservoirs in marine environment and also to offset the cost associated with
drilling dry wells. CSEM relies on the difference in electrical resistivity between oil and
the water-bearing sediments. Resistivity information is the primary oil and gas indicator
since the 1920s. In fact, a sediment saturated with oil displays higher resistivity than
the water-bearing sediment.
Conventionally, in marine CSEM, the receivers (also called nodes) are deployed on the
seafloor at 1 to 3 kilometers apart at the start of the survey and log autonomously.
After, a high-powered source of electromagnetic energy is towed over these receivers at
about 30 m above the seafloor to ensure good coupling of the signals with the earth.
The receivers detect and record the refracted energy from the subsurface layers. At
the end of the survey, the receivers are recovered to deck and the data downloaded
for processing and interpretation. By studying the collected data, the resistivity of the
seafloor can be determined. However, this method is expensive and time-consuming.
A towed system where about the high-powered source and receiver (placed in a cable
called streamer) are towed simultaneously at depths 10–100 m below the sea surface en-
ables faster and more efficient data acquisition compared to the conventional node-based
system. However, the noise level in the towed streamer is significant compared with the
noise level in the node-based system. Identifying and quantifying various sources of noise
is important for the development of future robust electromagnetic streamer cables. This
is the problem I address in this thesis.
I examine noise data collected using the first generation of the towed streamer CSEM
in the sea and the noise data collected with a prototype streamer CSEM in a wave
tank. From the data collected in the sea, I show that the towed streamer noise level is
a factor 10 greater than the conventional node-based system. From the data collected
in the controlled environment of the wave tank, I investigated the effect of increasing
water current and wave motion around the prototype streamer. The main finding is that
the motion of the telluric cable connecting two electrodes (to form a receiver) is the
major mechanism responsible for the generation of the noise level. I also demonstrate
that the major source of noise is from wave motion perpendicular to the streamer
direction. The noise caused by wave motion is about 4 times greater than the noise due
to cross-currents.
From the above results, I conclude that the effects of wave motion on the streamer
could be reduced in three ways: use of rigid telluric cables between the receivers, tow
the streamer deeper, and increase the cable and the telluric cable tension.
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Conventions and Notations
SI and Derived Units
A measurement of any physical quantity requires a unit. This unit is shown commonly
in it abbreviated form. This section associates quantities to the units used in this thesis.
It follows the International System of Units (SI) base (metre, second, and ampere) and




Electric current ampere A
Electric potential volt V
Frequency hertz Hz
Magnetic flux weber Wb= V s Wb
Angle degree ◦
Electric charge coulomb C= A s C
Electrical capacitance farad F
Electrical inductance henry H
Electrical conductance siemens S
Magnetic field strength tesla T= V s m−2 T
Notations
The symbols listed here are used consistently throughout the whole thesis. I list only
the most common subscripts. All symbols are presented in alphabetical order and have
a unique name. Some are chosen following SI guidelines, and the others are derived
notations.
In this thesis, vectors are designated by letters in bold, e.g. E. The magnitude of the
vector is designated by the same letter in italics, e.g. E.
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Symbol Description Unit
θ Feather angle ◦
α Streamer incidence angle ◦
x∗ Complex conjugate of x
x ∗ y The Convolution of x and y
J Current conductivity density A m−2
G Earth impulse response
E Electric field intensity V m−1
D Electric displacement C m−2
En Total electric field noise V m−1
Ei Magnetetolluric electric field noise V m−1
ET Towing electric field noise V m−1
Vr Electrodes and amplifiers noise V m−1
V Electromotive force V
ε Electrical permittivity F m−1
σ Electrical conductivity S m−1
ε Error
f Frequency Hz
ω Angular frequency, ω = 2πf . rad s−1
ˆ Hat Denotes change of domain from time to frequency.





∆xs/r Length of the source/receiver dipole m
log10 logarithm to the base 10
Φ Magnetic flux V s
B Magnetic flux density T
Bx/y/z Magnitude of the north/east/vertical component of the magnetic field T
H Magnetic field intensity A m−1
µ Magnetic permeability H m
V Measured voltage response V
I Measured input current A
N Noise V
n Normal to the surface S




S Surface form by the telluric cable m2
v Streamer velocity m s−1
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Constants of Free Space
In electromagnetics, there are three universal constants which are related to the proper-
ties of the free space (vacuum): the velocity of electromagnetic waves (including light),






Permeability µ0 ∼ 4π × 10−7 H m−1
Velocity of light c0 ∼ 3× 108 m s−1
Function
Fourier transform




x(t)e−iωt dt , (0.1)




X̂(ω)eiωt dω , (0.2)
where i =
√
−1 is the imaginary unit, ω = 2πf is the angular frequency (in rad s−1),
and f is the frequency (in Hz).
Discrete Fourier Transform
Let x(n), n = 0, 1, 2, ..., N − 1 be sampled at equispaced intervals of ∆t to produce a
discrete sequence x(n∆t) from the input signals x(t) and let N be the total number of
samples. In addition, suppose that x(n∆t) is measured in volts (V). Following Brigham







kn , [V s] or [V Hz−1] (0.3)
where X̂(k) is the kth output component of the DFT, and k = 0, 1, 2, ..., N − 1 is the
index of the DFT output in the frequency domain.
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Fast Fourier Transform
The Fast Fourier Transform (FFT) is an algorithm used to compute the DFT of dis-
crete signal (equation (0.3)). The programming language, Matlab, that is used for the
computation of the DFT throughout this thesis is based on library Fast Fourier Trans-
form in the West (FFTW) (Frigo and Johnson, 1998). FFTW is known as the fastest
free software implementation of the FFT algorithm.
Running FFT in Matlab returns a two-sided spectrum. Since, the signal I am dealing
with throughout this thesis are real, so the frequency spectrum between 0 and N/2 + 1
appears to have a mirror image of frequencies that run between 0 and −N/2 + 1, that
is, the spectrum estimates for the positive and negative frequencies is similar. Thus, I
only plot the frequencies ranging between 0 and N/2 + 1. Therefore, every frequency is
multiplied except for the DC by 2 in order to conserve the total power.
To analyse the frequency content of the data, I divide the discrete sequence x(n∆t)
into K-second-long windows each. Each window is then multiplied by a Hanning taper
of the same length before applying the FFT. This is done to avoid spectral leakage
introduced by sudden changes at the start and at the end of the data. The DFT
expressed in equation (0.3) is rewritten as:






kn , [V s] or [V Hz−1] (0.4)
where, X̂ ′(k) is the kth output component of the DFT of x(n∆t)h(n∆t), and h(n∆t)
denotes the Hanning window.
Power and amplitude spectral density
The power spectral density (PSD) describes the power per hertz in a signal. Using




′(k) |2 , [V2s] or [V2Hz−1] (0.5)
Windowing a signal as shown in equation (0.4) reduces its power (Hayes, 1996). There-
fore, a normalisation factor is applied to each window to compensate for the loss of






Following Hayes (1996), equation (0.6) is applied to equation (0.5) as follows:
P̂ ′(k) = 2
UN∆t | X̂(k) |
2 , [V2s] or [V2Hz−1] (0.7)
The factor of 2 in Equation (0.7) accounts for the fact that only half of the PSD array
is used as explained on the second paragraph of the “Fast Fourier Transform” section.
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P̂ ′(k) . [V
√
s] or [V (
√
Hz)−1] (0.8)
Graphing the PSD and the ASD
The index of the programming language, Matlab, used for the processing of the data,
starts at 1. Therefore, the indices for the DFT are integers from 1 to N .




where ∆t is the time increment per sample, and fs is the sampling frequency (in hertz
(Hz)). In the frequency domain, X̂(k) is complex-value. Each index or bin (k) in the






The PSD of X̂ ′(k) at index k measures the amount of frequency f (in hertz) present
in the data. The frequency is expressed as
f = k∆f . [Hz] (0.11)
The highest frequency component in the spectrum is expressed as:
fmax =
fs
2 . [Hz] (0.12)
Given equations (0.10) and (0.12), the entire frequency axis is computed in the following
frequency range:
f = [0 : ∆f : fmax] . (0.13)
In this thesis, the power spectral density (equation (0.7)) and the amplitude spectral
density (equation (0.8)) are plotted versus the frequency axis defined in equation (0.13).
Cross-correlation
In this thesis, the relationship between different time series is explored intensively. To
achieve this, the cross-correlation function is used for analysis in the time domain, and
the magnitude squared coherence function is used in the frequency domain.
Given two time series x(t) and y(t), we can delay x(t) by T samples, and then calculate
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(x(t− T )− µx)(y(t)− µy) , (0.14)
where µx and µy are the means of each respective time series, and N is the number of








where σ2x and σ2y are the variance of x(t) and y(t), respectively. For simplicity, σx ≡ σxx
and σy ≡ σyy .
Vector Analysis
Cartesian coordinates
For a given cartesian coordinate system as shown in Figure 0.1, we can define three
orthogonal unit vectors parallel to the three axes OX,OY,OZ, and designate them
by a right-handed system with based vectors ax, ay, and az in the three coordinate
directions satisfying the following relation:
ay × az = ax , (0.16)
az × ax = ay , (0.17)
ax × ay = az , (0.18)
where “×” denotes the cross product. The position vector of a point P (x1, y1, z1) in
that coordinate system can be considered as the sum of three orthogonal vectors as
illustrated in Figure 0.1:
OP = axx1 + ayy1 + azz1 . (0.19)







P (x1, y1, z1)
Figure 0.1: Cartesian coordinates.
Following equation (0.19), vectors A and B in Cartesian coordinates can be written
as:
A = axAx + ayAy + azAz , (0.20)
B = axBx + ayBy + azBz . (0.21)
Using equations (0.20) and (0.21), the dot product of the two vectors is:
A ·B = (axAx + ayAy + azAz) · (axBx + ayBy + azBz) ,
= AxBx +AyBy +AzBz , (0.22)







= ax(AyBz −AzBy) + ay(AzBx −AxBz) + az(AxBy −AyBx) . (0.23)
Integrals containing vector functions
In this thesis, we perform line and surface integrals. To evaluate the integral, one must
properly define the differential elements of length and area in Cartesian coordinates.
The expressions for differential length and differential surface are:
d` = axdX + aydY + azdX , (0.24)
ds = axdY dZ + aydXdZ + aZdXdY . (0.25)
The line integral of a vector field along a given path may be expressed as:∫
C
A · d` , (0.26)
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where C is the path of integration. If the integration is to be carried out from a point P1
to another point P2, Combining equation (0.20) and equation (0.24) into equation (0.26)
yields:∫ P2
P1
A · d` =
∫ P2
P1
AxdX +AydY +AzdZ . (0.27)
If A is replaced by the electric field vector E, then the integral represents the work
done by the electric field in moving a unit charge from P1 to P2.
The surface integral of a vector, is the flux of this vector through a surface. It is written
as:∫
S
A · ds , (0.28)
where ds = nds is the vector differential surface element, n is the normal unit vector
that points in a direction perpendicular to the surface S, and ds is the element of the
surface defined in equation (0.25). Since ds is the product of two variables, the surface
integral is a double integral. Thus the notation in equation (0.28) is in short-form
notation.
Trapezoidal rule
For a domain discretised into N non-equally space panel, a = x1 < x2... < xn+1 = b,






(f(xk+1) + f(xk))(xk+1 − xk) . (0.29)
Vector differential operator
A vector differential operator “nabla” (∇) is used thoroughly in Chapter 2. This section
aims to provide its expression in Cartesian coordinates. In fact, the presence of this
operator instructs the reader to take derivatives of the quantity on which the operator
is acting. The operator can take different forms:





































DFT Discrete Fourier transform
EM Electromagnetic
EMF Electro-motive force
FFT Fast Fourier Transform
FFTW Fast Fourier Transform in the West
HED Horizontal electric dipole
IFFT Inverse fast Fourier Transform
PRBS Pseudo-random binary sequence
QC Quality control
RMS Root mean square




Companies are solely named by their abbreviations in the thesis.
EMGS Electromagnetic Geoservices ASA










32 1 | Introduction
1.1 Background and motivation
The marine controlled source electromagnetic (CSEM) method is a geophysical tool
sensitive to variations of electrical resistivity (or its reciprocal, electrical conductivity).
This technology was first used for academic applications to measure the conductivity
of the lithosphere (Young and Cox, 1981; Cox, 1981). It has since been used in industry
applications to sense resistive bodies, which can indicate the presence of hydrocarbons
(Eidesmo et al., 2002; Ellingsrud et al., 2002; Srnka, 1986). MacGregor and Tomlinson
(2014), Constable (2010) and Constable and Srnka (2007) provide a detailed history of
the use of the marine CSEM method.
Three configurations can be used for the marine CSEM method as shown in Fig-
ure 1.1.
1.5 knots4-5 knots
: Electric and magnetic field recorders
500 - 2000 m
10 m
200 m
: Electric field recorders
Ag-AgCl electrodes
: Horizontal electric dipole 3HEDb
Towed EM system OBC system Conventional
CSEM



















10 - 4000 m
200-1100 m
Towed EM system








Figure 1.1: Schematic representation of marine node-based, OBC and towed CSEM concepts.
The conventional marine CSEM configuration uses a towed source above an array of
receivers (called nodes) which are stationary on the seafloor. This system is mostly used
in water depths greater than 1000 m. The ocean bottom cable (OBC) configuration
features two vessels. One vessel deploys the source on the seafloor; this transmits a
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signal to receivers in a linear configuration on the seafloor which are connected to
the other vessel (Ziolkowski et al., 2010). Like the conventional marine CSEM, the
receivers in the OBC configuration are stationary during data acquisition. This was
designed to operate in water depths in the range 10–500 m. The OBC system has been
developed into a fully towed streamer EM system, where the source and receiver are
towed simultaneously. This system operates in water depths of 400 m or less (Mattsson
et al., 2013). In the rest of this Ph.D. thesis, the node-based CSEM and towed streamer
CSEM are used to refer to the conventional seafloor receiver and towed streamer EM
configurations, respectively.
The marine CSEM method in its conventional setup uses a mobile horizontal electric
dipole (HED) as a source to transmit a low-frequency electromagnetic (EM) signal,
typically in the range 0.01–10 Hz, that diffuses through the sea water and sub-sea sedi-
ments, and also propagates through the air. The HED length is 100–300 m and transmits
a current in the range 1000–1500 A (MacGregor and Tomlinson, 2014) although Barker
et al. (2012) reported currents up to 7500 A for the deck mounted in shallow towed
system. The HED is towed at a speed of 1.5 knots (compared with 4–5 knots for seismic
2D) and is kept at about 30 m above the seafloor to maximize the amount of EM energy
transmitted into the subsurface while minimising the risk of collision with the seabed
(MacGregor and Tomlinson, 2014). A tail buoy which includes positioning sensors, re-
cording depth meter, is attached to the end of the HED transmitter. The Receiver
electrodes measure the resulting field modified by the conductivity of the subsurface.
In node-based CSEM, receivers are deployed at known locations on the seafloor anchored
by concrete blocks. The anchor helps to stabilise the receiver against forces such as wa-
ter currents. Figure 1.2 shows a typical receiver node and its deployment. Traditionally,
the receiver has four long orthogonal polypropylene pipe arms, each about 8–10 m in
length and 5 cm diameter, with silver-silver chloride (Ag-AgCl) electrodes. A pair of
electrodes forms a dipole which senses a voltage difference. Induction coil magneto-
meters sense magnetic field variations in three orthogonal directions. Constable (2013)
provides a review of node-based CSEM survey instrumentation. Alternative node re-
ceivers have also been developed. Nielsen et al. (2009) describe a new type of receiver
that uses capacitive electrodes as electric field receivers. The innovation is that these
electrodes are inside the receiver module and therefore eliminate the need for long
electric field arms.
Node-based CSEM is time consuming compared with 2D seismic surveying, mainly due
to the time it takes to deploy and recover the receiver nodes. In an effort to improve
acquisition efficiency and reduce costs, a long flexible neutrally-buoyant EM streamer
cable has been developed to be towed simultaneously with an electric current dipole







Figure 1.2: Node-based receiver showed being deployed from a ship. The electrodes are housed
in the ends of the flexible arms.
source at 4–5 knots (Anderson and Mattsson, 2010). The source and receiver are towed
at nominal depths of 10–100 m below the sea surface, or shallower depending on the
water depth. The source is towed at the front of an EM streamer with offsets in the
range 500–8000 m (Mattsson et al., 2013). The EM streamer is 8 km long maximum
and configurable with a series of electrode pairs distributed along its length, each con-
nected by a telluric cable. The near offset has a receiver separation of 200 m, and this
separation increases as the offset increases in length to reach a maximum of 1100 m
long (Engelmark et al., 2014).
This method has the advantages of allowing a common platform for both seismic and
EM operations and permitting real-time quality control (QC). The QC aims to determ-
ine and verify that CSEM data acquisition process and transmission meets or exceeding
the customer requirements. A QC professional on the vessel will assess the suitability
of the survey’ equipment and focus on defect identification.
The EM streamer has a dense receiver spacing - typical spacing is 200 m compared
with 500–2000 m for the node-based CSEM system (Mattsson et al., 2013). This res-
ults in superior data density compared with the node-based CSEM. Constable et al.
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(2012) developed a towed system that provides information at near offsets (up to 1
km) during conventional CSEM surveying to enable better characterisation of the near
surface resistivity, which is important in the inversion of deeper data. Table 1.1 gives a
comparison of the node-based and towed streamer CSEM.
Criteria
Marine CSEM
Node-based CSEM Towed streamer CSEM
Source type HED HED
Source length 300 m 800 m
Source amplitude 1000 A 1500 A
Source speed Source towed at 1.5 kn Source-receiver towed at 4–5 kn
Receiver length 1–10 m 200–1100 m
Receiver type Static receiver Towed receiver
Operational depth 10–4000 m 5–400 m
Table 1.1: Comparison of marine node-based and towed streamer CSEM
Although the increase in acquisition efficiency is obvious, various sources of noise affect
the towed system and can degrade considerably the desired signal transmitted through
the earth. Therefore, its performance is to a great extent dependent on noise levels
in the acquired data. Some sources of noise affecting the towed streamer CSEM have
already been identified in the node-based CSEM: magnetotelluric noise (Ziolkowski and
Wright, 2012), electrode and amplifier noise (Constable et al., 1998) and motionally-
induced noise (Mittet and Morten, 2012; Summerfield et al., 2005). This last source is
due to swell, microseisms and water currents which cause the receiver arms to vibrate.
When towing the EM streamer in the sea at depths of 100 m or less, the noise levels are
substantially greater than the noise levels in the node-based CSEM. This is because of
additional noise generated by the movement of the streamer in the Earth’s magnetic
field. It has been suggested by Constable (2013); Engelmark et al. (2012); Tenghamn
et al. (2007), and Burrows (1972) that the dominant source of noise is motionally
induced. However, none of these papers estimate the noise levels. The benefits of towing
the EM streamer in water depths of 400 m or less (Mattsson et al., 2013), such as ease
of operation, are counteracted by an increase in noise level within the frequencies of
interest (0.01–10 Hz). These observations give rise to three questions that need to be
addressed in order to improve the performance of the towed streamer CSEM:
• How large is the motionally-induced noise compared with other noise presents in
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the towed streamer CSEM, and relative to the node-based CSEM noise level?
• What is the distribution or nature of the noise: frequency and correlation proper-
ties?
• What is the physical mechanism that generates the noise?
For a transmitter frequency of 0.25 Hz, the present depth limit of imaging is about 2500
m below the seafloor (Engelmark et al., 2014). This is controlled by the noise levels, the
sensitivity and accuracy of the instrumentation and the source moment (Spies, 1989).
Therefore, successfully addressing the noise issue may enable higher quality electric
field data to be obtained and may improve the depth of imaging of resistive bodies.
In addition, better characterisation of noise may help to develop methods to minimise
their effect.
A further challenge is to obtain data with an adequate signal-to-noise ratio (SNR) given
the constraint of a fixed data acquisition period of 100 seconds per shot (McKay et al.,
2015). SNR provides a quantitative measure of performance of a system. The SNR of
the system can be enhanced by different methods:
• Maximising signal. This can be achieved by increasing the length of the source
dipole or by increasing the source current. Various techniques have been proposed
to increase the source signal and have reached their practical limitation, as shown
in detail in Chapter 3.
• Reducing noise. One way to reduce noise levels could be to filter the data in a
specific frequency range. Filtering decreases the noise levels but is detrimental
to the resolution. An optimal filter can be designed only when one knows the
characteristics of the noise and the signal in the data.
As a result, understanding the nature of noise is very important. In towed streamer
CSEM, the main source of noise is poorly understood. Describing the causative mechanisms
and quantifying different types of noise in the system constitute the core of this thesis.
1.2 Claim
I show in this thesis that the noise in the towed streamer CSEM system is about 20
dB greater than the noise in the OBC EM system in the frequency range 0.01–1 Hz.
At frequencies above 1 Hz, for a receiver separation of 200 m, the noise has the same
amplitude and is strongly correlated from one receiver to another. The same observation
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is made with the OBC data. This noise mainly originates from MT fields. At frequen-
cies below 1 Hz, the noise on any channel does not correlate with the neighbouring
channels.
To understand the physical mechanism that generates the major source of noise, a pro-
totype EM streamer was designed and tests were carried in the controlled environment
of the new FloWave tank located at the University of Edinburgh. From these tests, I
show that the motion of the streamer due to the wave motion is the major source of
noise in the towed streamer CSEM. The increase in noise due to the increase of flow
rate around the streamer is approximately half that which is related to wave motion.
I also estimate the motionally-induced field noise level based on the streamer displace-
ment data. I show that this noise is correlated with the measured electric field. This
estimated field is found to be about three times smaller than the measured electric
field.
From these results, I suggest that wave motion noise could be reduced by towing the
streamer deeper, by using rigid cable or increasing the cable tension.
1.3 Layout of this thesis
The thesis covers aspects of noise sources and estimates the contribution of each of
these sources in marine towed-streamer CSEM.
Chapter 2 introduces the equations which govern EM wave behaviour and derives the
skin depth.
Chapter 3 focusses on investigating the similarities and differences between noise levels
in the static CSEM system and towed-streamer CSEM. The chapter also contains a
definition of the signal-to-noise ratio (SNR) and suggests ways to improve the SNR of
the system.
Chapter 4 analyses electric field noise acquired with the OBC system and the towed
streamer CSEM. It contains root means square analysis, spectral analysis and correla-
tion analysis of the data.
Chapter 5 focuses on theory and estimation of the motionally-induced noise. It also
provides an explanation of different mechanisms that could generate a motionally-
induced field in towed streamer CSEM.
Chapter 6 describes the experiment carried out in the FloWave Tank to study the
mechanisms of noise generation in the streamer in a controlled manner. Using the
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FloWave tank data, I investigate the effect on noise levels of increasing water flow rates
of 0, 0.5, 1, and 1.5 m s−1 and wave motion at different frequencies (0.29 Hz and 0.45
Hz) and amplitude of 0.1 m around the prototype EM streamer. Motion capture data
of the streamer moving are recorded to analyse the relation between the electric field
and the cable motion.
Chapter 7 shows experimental results and analysis of the data collected in the Flowave
Tank. It shows that the wave motion noise is approximately 12 dB above the flow noise.
This flow noise is due to flow over the electrode surfaces, and the wave motion noise
is due to the motion of the telluric cable in the Earth’s magnetic field in response to
wave motion.
Finally, Chapter 8 summarises the findings, provides recommendations to mitigate the
flow noise and wave motion noise. To improve the signal-to-ratio of the towed streamer
CSEM, one could tow the streamer deeper, increase the tension of the streamer and
the telluric cable or the use of rigid telluric cables.
2
Behaviour of Electric and Magnetic
fields
I consider that I understand an equation
when I can predict the properties of its solutions,
without actually solving it.
Paul A. M. Dirac - (1902–1984)
Physicist
This chapter deals with electromagnetic wave propagation governed by Maxwell’s Equa-
tions. From these equations, the electromagnetic wave equations have been derived
when electromagnetic wave propagates in free space and inside a typical electrical con-
ductivity values of rocks which are of an interest in electromagnetic prospecting and
where there are free currents. The depth of penetration electromagnetic waves is also
derived. From this, it is clear that the frequency of the incident electromagnetic wave
and the conductivity of the medium are the key parameters controlling the penetration
depth of EM fields. In the last section, the electric field equation generated by a point
dipole sources is also derived from Maxwell’s Equations.
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2.1 Theory of electromagnetic fields
Following Zhdanov (2009), the behaviour of electromagnetic (EM) waves in an inhomo-
geneous conducting earth is described by the four Maxwell’s Equations in differential
form. These are for S.I units:
∇×H = J + ∂D
∂t
Ampère-Maxwell law , (2.1)
∇×E = −∂B
∂t
Faraday’s law , (2.2)
∇ ·B = 0 Gauss’ law for magnetic fields , (2.3)
∇ ·D = q Gauss’s law for electric fields , (2.4)
in which the vectorH and B are the vectors magnetic and induction fields, respectively;
E and D are the vector electric and displacement fields, respectively; the vector J is
the current conduction density and q is the electrical charge density. Equation (2.1)
represents two kinds of current flow: the first, J, in which charge carriers flow through
the medium without resistance. This is often called ohmic. The second, ∂D/∂t, in which
charge separation, and hence an impediment electric field, arises. This is often known
by the name displacement current.
Constitutive relations
The pairs of E and D, H and B, and E and J are linked by the following constitutive
relations:
D = ε(ω,E, r, t, T, P, ...)E , (2.5)
B = µ(ω,E, r, t, T, P, ...)H , (2.6)
J = σ(ω,E, r, t, T, P, ...)E Ohm’s law , (2.7)
where the tensors ε, µ, and σ are the dialectic permittivity, the magnetic permeability,
the electrical conductivity as function of angular frequency ω (where ω = 2πf and f is
the EM wave frequency), electric field strength E or magnetic induction B, position r,
time t, temperature T , and pressure P , respectively.
In geophysical problems, it is the electrical conductivity that we want to find. Assume a
right-hand Cartesian coordinate system, x, y, z, where the z - axis is directed downwards
as shown in Figure 2.1.




Figure 2.1: Right-handed Cartesian coordinate system







Following Keller (1989), the conductivity tensor has a simple form if two of the ortho-
gonal coordinate directions are selected to lie in the direction of maximum conductivity








To simplify analysis in electromagnetic earth problem, Ward and Hohmann (1989)
suggest the following assumptions:
(1) All media are linear, isotropic, homogeneous and posses electric properties which
are independent of time, temperature, or pressure. This implies that the diagonal
terms in equation (5.24) have equal values, that is, σxx = σyy = σzz. Therefore,
the electrical conductivity σ is a scalar.
(2) For non-magnetic earth, the magnetic permeability µ is assumed to be that of
free space, that is, µ = µ0 = 4π×10−7 H m−1. The variation in permittivity is
ignored and we use the permittivity of free space ε0 = 8.854× 10−12 F m−1.
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Following assumptions (1) and (2), equations (2.5) to (2.7) are rewritten as:
D = ε0E , (2.10)
B = µ0H , (2.11)
J = σE . Ohm’s law (2.12)
Interpretation of Maxwell’s Equations
Equation 2.1 is the Ampere-Maxwell law, which states that a current flowing in a
conductor and a changing displacement current with time induce a magnetic field.
Equation 2.2 is Faraday’s law of induction, which states that a varying magnetic field
with time generates an electric field whose magnitude is proportional to the rate of
change of the magnetic field. The direction of that induced electric field is such that it
opposes the causes of its production. This is known as Lenz’s law.
Equation 2.3 is Gauss’s law for magnetic fields. It is essentially stated that there is
no magnetic analogue for electric charge. In order words, there are no magnetic mono-
poles.
Equation 2.4 is Gauss’s law for electric fields. It states that electric charges are the
source of electric displacement, D.
To sum up, from Equation 2.2, a time-varying magnetic field induces an electric field,
while according to Equation 2.1 the same electric field gives rise to a magnetic field.
The electric and magnetic fields, continuously interact, reinforcing each other and con-
sequently probing great distances in space (Zhdanov, 2009). This is exploited in elec-
tromagnetic exploration.
2.2 Electromagnetic wave equation
From equation (2.1) and substituting in the constitutive relation for displacement fields




− σE = 0 . (2.13)
From equation (2.2) and substituting in the constitutive relation for magnetic flux




= 0 . (2.14)
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First, we determine the wave equation for the electric field.
Take the curl of equation (2.14) to yield






if the vector H is piecewise continuous and has continuous first and second derivatives,
the curl ∇× and derivative ∂/∂t may be interchanged in equation (2.15), yielding




Using the vector identity
∇× (∇× F) = ∇(∇ · F)−∇2F , (2.17)
equation (2.16) becomes




The free charge dissipates almost immediately in conductive media, which means that
∇ ·E = 0 , (2.19)












This is the wave equation for the electric field in the time domain.
Second, we determine the wave equation for the magnetic field. Similarly, by performing




(∇×E) = ∇× (σE) . (2.21)
As above, the operators ∇× and ∂/∂t may be interchanged if E is piecewise continuous
and has first and second derivatives. In addition, σ is locally a constant (homogeneous
medium), therefore, it is taken outside the operator ∇× on the right-hand side of




(∇×E) = σ∇×E , (2.22)
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= 0 . (2.23)
Using the vector identity defined in equation (2.17), equation (2.23) can be rewritten
as






= 0 . (2.24)
Using the third Maxwell’s equation (2.3) and equation (2.5), we see that ∇ ·H = 0, so











This is the wave equation for the magnetic field in the time domain. It is identical in
form to the electric wave equation for the electric field shown in equation (2.20).
Equations (2.20) and (2.25) completely describe the electric and magnetic fields in a
homogeneous medium that apply in source-free regions.
Electromagnetic propagation in free space
Air is typically a very low conductive environment with electrical conductivity ranging
between 3 to 8× 10−15 S m−1 (Constable, 2010). Thus, in many applications of elec-
tromagnetic prospecting, the air electrical conductivity is approximated zero. It follows
that the term containing σ in equations (2.20) and (2.25) disappears. Therefore, the









Equations (2.26) and (2.27) are called wave equations because they are similar in form
to the general wave equation, which describes the propagation of sound and light in
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= µ0ε0 ⇒ c0 =
√
1/µ0ε0 ≈ 3× 108 , [m s] (2.29)
where c0 is the speed of light. From these equations, it is clear that electric and magnetic
fields in air propagate at the speed of light.
Electromagnetic propagation in conducting media: the diffusion equation
Transforming equations (2.20) and (2.25) to the frequency domain. The Fourier trans-
form (F. T) of ∂/∂t is given by
∂
∂t
F.T−−→ iω , (2.30)
where i =
√
−1 is the complex number. It follows that:
∂2
∂t2
F.T−−→ −ω2 . (2.31)











= 0 , (2.33)
where Ê and Ĥ denote frequency domain of E and H, respectively. To simplify the
notation of equations (2.32) and (2.33), we introduce the following notation:
k2 = ω2µ0ε0 − iωµ0σ , (2.34)
where k is the propagation constant or complex wave number in the medium. The term
ω2µ0ε0 describes displacement currents while ωµ0σ represents the conduction currents
in Maxwell’s Equations.
Using equation (2.34), equations (2.32) and (2.33) can be rewritten as:(
∇2 + k2
)
Ê = 0 , (2.35)(
∇2 + k2
)
Ĥ = 0. (2.36)
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Equation (2.32) through equation (2.36) are the wave equations in the frequency do-
main, or, the Helmholtz equations in Ê and Ĥ. They represent the separation of the
variable E and H in Maxwell’s Equations.
Typical rocks in marine EM exploration have conductivity values σ ranging between
100 and 10−6 S m−1, magnetic permeability in the free space µ0 = 4π × 10−7 H m−1
and an electric permittivity ε0 = 8.854× 10−12 F m−1. As a consequence, σ is typically
109 times bigger than ε0. Therefore, the displacement current term ∂D/∂t is negligible.
Also, the frequencies used in CSEM range from 10−2 to 10 Hz. Moreover, the value of
the conductivity relative to the electric permittivity and the relatively low frequencies
used in CSEM exploration yield to the following assumption:
σ  ε0ω . (2.37)
Thus the first term of k2 in equation (2.34) is negligible compared to the second term.






















2 (1 + i) . (2.39)
Using equation (2.39) in equation (2.38), it follows that
k = (1− i)(ωµ0σ2 )
1
2 . (2.40)
Equation (2.40) can be expressed as
k = α− iβ , (2.41)






Following equation (2.37), the term containing ω2 in equation (2.32) is negligibly small.
Equations (2.32) and (2.33) become
∇2Ê− iωµ0σÊ = 0 , (2.42)
and
∇2Ĥ− iωµ0σĤ = 0 . (2.43)
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= 0 . (2.45)
Equation (2.42) through equation (2.45) represent diffusion equations. It is clear that
the diffusion heavily depends on the frequencies of the measured field and on the con-
ductivity σ that we want to find. It also depends on the depth of attenuation of the
measured fields, which is discussed in the next section.
2.3 skin depth
The distance it takes to reduce the amplitude by a factor of 1/e is called the skin depth.
It is a measure of how far the wave penetrates into the conductor.
Let us assume that the planar EM wave propagates vertically, that is, in the positive and




















Therefore, for such a plane wave and using equation (2.46) and equation (2.47) in
equation (2.42) through equation (2.45), the decomposition of the Laplace operator
gives the following expression:
∂2H
∂z2
+ k2H = 0 , (2.48)
∂2E
∂z2
+ k2E = 0 , (2.49)
∂2Ê
∂z2
+ k2Ê = 0 , (2.50)




+ k2Ĥ = 0 . (2.51)
Equation (2.48) through equation (2.51) are second order linear differential equations
and have solutions in the form of
Ê(ω, z) = Ê+(ω)e−i(kz−ωt) + Ê−(ω)ei(kz+ωt) , (2.52)
and
Ĥ(ω, z) = Ĥ+(ω)e−i(kz+ωt) + Ĥ−(ω)ei(kz+ωt) , (2.53)
where Ê+(ω)e−i(kz−ωt), Ĥ+(ω)e−i(kz−ωt) represent the EM wave in the frequency do-
main propagating in the positive z−direction and Ê−(ω)ei(kz−ωt), Ĥ−(ω)ei(kz−ωt) rep-
resent the EM wave in the frequency domain propagating in the negative z−direction.
Now, we consider the propagation in the positive z−direction, and so, we can set the
terms containing the propagation of the wave in the negative z−direction to zero.
Equations (2.52) and (2.53) may be rewritten:
Ê(ω, z) = Ê+(ω)e−iαze−βzeiωt , (2.54)
and
Ĥ(ω, z) = Ĥ+(ω)e−iαze−βzeiωt , (2.55)
From equations (2.54) and (2.55) we may draw the following conclusions:
(1) Since β is positive, e−βz gets smaller as z gets larger. Hence it represents the
attenuation. The intensity of an EM field decreases exponentially with increasing
z by a factor of e−1 or to about 37% of its initial value. This is described by the












For propagation through a known distance z, the percentage of the original signal
remaining A is given by
A = 100× (e−z/δ) . (2.57)
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(2) e−iαz = cos(αz)− i sin(αz) states that the wave varies sinusoidally with z.
(3) eiωt = cos(ωz)− i sin(ωt) states that the wave varies sinusoidally with t.
Skin depth is the most important concept in any EM method. As shown in equa-
tion (2.56), the skin depth heavily depends on:
1- The conductivity of the structures surveyed. Higher conductivity (or lower res-
istivity) materials attenuate EM fields more rapidly and have smaller skin depths
than lower conductivity (or higher resistivity) materials for a given frequency.
Figure 2.2 shows how the skin depth varies as the resistivity increases from 0.2
Ω m to 1000 Ω m. For example, at a frequency of 1 Hz (orange line), the skin depth
in sea water with resistivity of 0.02 Ω m, is about 270 m; this means that over
each 270 m the amplitude of EM energy decays by a factor of e−1. If however, the
material has a resistivity of 1 Ω m, the same EM field decays by a factor e−1 after
travelling 500 m. In basalt with resistivity of 1000 Ω m, the skin depth is 16 000
m. It is clear that skin depth in seafloor sediments are larger than in seawater.
This means that, in the case of marine CSEM, EM energy will propagate from
the source dipole to the receivers mostly through seafloor sediment, making the















































Figure 2.2: Skin depth as a function of resistivity for four frequencies:0.01 Hz (light green),
0.1 Hz (purple), 1 Hz (orange) and 1 Hz (red)
2- The frequency of the field and varies as f−1, that is, the lower the frequency, the
50 2 | Behaviour of Electric and Magnetic fields
larger the skin depth. This behaviour allows different depths to be probed by a
set of discrete frequencies.
2.4 Point electric dipole source in an unbounded medium
Maxwell’s equations 2.1-2.4 are known as the homogeneous equations that apply in
source-free regions. In this section, we consider an electromagnetic field generated by
a point dipole sources and propagated in a medium with a given distribution of elec-
tromagnetic parameters ε0, µ0, and σ. We consider the inclusion of electric current
sources and ignore magnetic sources. Furthermore, we also ignore displacement cur-
rents because they are negligible in conducting materials in the earth at frequencies




= 0 , (2.58)
∇×H− σE = Js , (2.59)
in which equation (2.58) is the same as equation (2.13) and equation (2.59) is from
equation (2.14) without the displacement current term and with the new source current
term on the right-hand side. We proceed as above. First, take the curl of equations (2.58)




(∇×H) = 0 , (2.60)
∇×∇×H− σ (∇×E) = ∇× Js. (2.61)
Substitution for∇×H from equation (2.60) into equation (2.61) yields a vector diffusion








and substitution for ∇×E from equation (2.58) into equation (2.61) yields a diffusion




= ∇× Js . (2.63)
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Ward and Hohmann (1989) derive the response to a point dipole source located at
the origin and pointing in the x−direction in Cartesian coordinates. The coordinate
system, with the source included, is shown in Figure 2.3. Since the source current is
point dipole, it can be represented by a line current of length ds. That is, the source is
defined as:
Js(r) = Idsδ(x)δ(y)δ(z)H(t)i . (2.64)
in which I is the current amplitude (amp) and Ids is the dipole moment (amp-m),







Figure 2.3: The Cartesian coordinate system is shown with the point source dipole included.
i is coming out of page. The dipole is oriented in the x−direction.
The solution for equation (2.62) with the source equation (2.64) is given by Ward and
































in which i, j, and k are unit vectors in the x, y and z directions,
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and erfc is the complementary error function. It is expressed as







where a new variable ξ =
√
ωt.
Following Ziolkowski’s CSEM course note, we can think of this solution as the step
response of the linear electromagnetic system. To obtain the impulse response, we





i = Idsδ(x)δ(y)δ(z)δ(t)i , (2.69)
















which is a simpler expression than equation (2.65) for electric field.
In conclusion, the depth of investigation and resolution of marine CSEM is limited by
the frequency content. To image a target buried at a given depth below seawater, EM
fields have to reach the target and travel back up to the receiver with an amplitude much
greater than the noise floor. It has been shown that the skin depth of EM fields increases
with decreasing frequencies. So, high frequencies are limited to sensing shallower targets.
To image a deep target, low frequencies are required, but if the target is small compared
to the transmitted wavelength, the resolution of the object will be lost (Mittet and
Morten, 2012). Chosen the frequency bandwidth in marine CSEM is a trade-off between
the high frequencies to have a good resolution and low frequencies to image deeper.
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Summary
The equations governing the behaviour of electromagnetic waves in source-free regions
and with a point dipole sources have been expounded in this chapter. From the source-
free regions equations, the diffusion equation and skin depth have been derived. The
latter is a serious impediment to imaging and to resolving small targets at depth. In
addition, noise originating from various sources such as environmental types and from
the receiver itself may limit the depth of investigation of marine CSEM if they are not
addressed.
3
Sources of Noise in the Node-based
and Towed Streamer CSEM
Systems
One man’s meat is another man’s poison.
Titus Lucretius Carus (c. 99 BC - c. 55 BC), De rerum natura
Latin writer
I investigate various sources of noise which affect data acquired with a towed streamer
CSEM. This chapter presents a definition of shallow, intermediate and deep water,
which is used throughout this thesis. I analyse the sources of noise and review the
approaches in the literature to identify and reduce noise levels in node-based CSEM.
Motionally-induced noise, magnetotelluric noise, and electrode noise are believed to
be the sources of noise affecting towed streamer CSEM. The analysis contained in
this chapter demonstrates that the key to improving the signal-to-noise ratio of towed
streamer CSEM is to reduce the effect of motionally-induced noise and to use a pseudo
random binary sequence as source waveform.
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3.1 Shallow, intermediate and deep water
Throughout this Ph.D. thesis, shallow water is defined as 400 m or less. This corresponds
to the operational depth of the towed streamer CSEM system (Mattsson et al., 2013).
Intermediate depth is between 400 m and 1000 m, and deep water is greater than 1000
m. The difference between these water depth terms is summarised in Figure 3.1.
Continental crust
Mittet and Morten E2013g: < 100 m
Weiss E2007g: 500 m
Elligsrud et alx E2002g: 1150 m
















Commercial area Academic area
Mittet 7 Motten E2012g: < 100 m Weiss E2007g: 500 m Elligsrud et alx E2002g: 1150 m
Crust
Sediment
Figure 3.1: Illustration of the difference between shallow, intermediate and deep water. Defin-
itions according to some authors are also plotted.
However, within the large number of the publications on marine CSEM reviewed for
this Ph.D. project, I found no consistent definition for shallow, intermediate, and deep
water. The difference between these terms in previous publications is based either on
operational depths of the receiver system or is simply an arbitrary choice. Table 3.1
summarises the variety of definitions that have been used for deep, shallow, and interme-
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diate water depths. The large variability in depth definitions contributes to confusion.
The change in the meaning attached to these terms is more striking between commer-
cial compared with academic applications. For academic applications, CSEM is mostly
used in water depths greater than or equal to 3000 m to study the shallow resistive
part of the oceanic lithosphere (Constable and Cox, 1996) and to detect features such
as conductive magma chambers (MacGregor et al., 2001). For commercial applications,
CSEM is used in water 40 m (Darnet et al., 2010) to 1200 m (Ellingsrud et al., 2002)
depth to sense horizontal resistors of a sufficient size that may contain hydrocarbons.
Definition Water depth (m) Authors
Deep water
> 3000
Constable and Cox (1996); Evans
et al. (1991) and Young and Cox
(1981).
> 1000
Shantsev et al. (2012),Constable
(2010), Constable and Srnka
(2007) and Ellingsrud et al.
(2002).
> 500 Shantsev et al. (2013) and
Ziolkowski et al. (2011).
> 300
Darnet et al. (2010),
Sasaki and Meju (2009) and
Andrés and MacGregor (2007).
Shallow water
6 500 Connell and Key (2012) and
Ziolkowski et al. (2011).
6 300
Ziolkowski and Wright (2010),
Sasaki and Meju (2009) and Weiss
(2007).
6 200 Barker et al. (2012).
6 100 Mittet and Morten (2012).
Intermediate water
> 500 Weiss (2007).
1900− 2200 Weitemeyer and Constable (2010).
Table 3.1: Water depth definitions based on published papers.
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3.2 Definition and units
The performance of a towed streamer CSEM system in shallow water greatly depends
on the amplitude of the source signal and the level of noise present in the recorded
data.At one receiver dipole (channel), marine towed streamer CSEM acquisition and
processing may be described by means of the convolutional model:
v(t) = ∆xr∆xsI(t) ∗ G(t)︸ ︷︷ ︸
Signal
+N (t)︸ ︷︷ ︸
Noise
, [V] (3.1)
in which v(t) is the measured voltage at the receiver dipole, ∆xr is the length of the
receiver dipole, ∆xs is the length of the source dipole, I(t) is the input current, G(t)
is the unknown impulse response of the earth, the asterisk ∗ denotes convolution and
N (t) is the noise, which is what would be measured if the source were switched off
during the recording (that is, I(t) = 0). Figure 3.2 is a sectional view of one possible
marine towed streamer CSEM setup showing a dipole source and a line of electrode
pairs in-line with the source.
Water depth











Figure 3.2: Sketch showing the towed streamer CSEM source-receiver configuration. A source
antenna powered by the source vessel’s generator. The receiver streamer is almost inline
with the source and consists of an array of silver-silver chloride electrodes. A tail buoy is a
floating unit that enables monitoring the position and direction of the streamer.
Equation 3.1 contains two independent terms - a source signal part ∆xr∆xsI(t) ∗ G(t)
and a noise part N (t). A CSEM signal is a time-varying EM field that is sensitive to
resistivity variation at various locations and depths. Changing the source signal has no
effect on the noise level and vice versa.
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When a time-varying current is injected between two source electrodes, the resulting
time-varying voltage is measured simultaneously at the receiver. The units of meas-
urement for an electric field receiver are volts (V), as shown in equation (3.1). Since
receiver lengths can vary, the measured voltage is normalised by receiver length to en-
able measurements made over different receiver lengths to be compared. The result of




= ∆xsI(t) ∗ G(t)︸ ︷︷ ︸
S(t)
+N (t)∆xr
. [V m−1] (3.2)
However, it is common practice amongst many practitioners to scale the noise level
by the source dipole moment: the source dipole length multiplied by the source cur-
rent (Constable, 2010; MacGregor et al., 2001). This results in the electric field being
expressed in volts per ampere per metre squared (V A−1m−2). Constable and Srnka
(2007) state that “data for interpretation are normalized by the dipole moment, so the
system noise floor gets lower as the input current gets larger”. MacGregor et al. (2001)
give the noise level as approximately 10−11 V A−1m−2 at 10−1 Hz, based on a notional
dipole moment of 4500 A m measured by a 10 m long receiver. Using the same receiver
and increasing the source dipole moment to 12 000 A m, the noise level is reduced to
approximately 10−14 V A−1m−2 at 10−1 Hz. Increasing the source dipole moment in-
creases the signal-to-noise ratio but has absolutely no effect on the noise level recorded
at the receiver.
This practice of normalizing by the source dipole moment is not helpful in understanding
the noise. Therefore, here, and in the rest of my Ph.D. thesis, I have chosen to quantify
the noise in units of V if referring to the electrode noise or in V m−1 if referring to
electric field sources (MT noise and motionally-induced noise).
Since seismic acquisition is well known and understood, it is useful to present the CSEM
acquisition principles in relation to seismic data acquisition. In seismic acquisition, the
receiver measures the motion (e.g velocity) or the pressure at a point as shown in
Figure 3.3(a). In CSEM we measure the voltage difference between two electrodes that
have instantaneous potentials. The two electrodes are connected by a telluric cable
which is connected to an amplifier as illustrated in Figure 3.3(b). The electrode pair
length varies between 8 m (EMGS receiver length, (Mittet and Morten, 2012)) and 10
m (Scripps Institution of Oceanography) for the node-based CSEM method, and ranges
from 200–1100 m for the towed streamer CSEM system (Mattsson et al., 2013).
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(b) CSEM data acquisition:
straight telluric cable.




AmplifierStreamer Straight telluric cable
Electrode Area
bent telluric cable
(a) Seismic data acquisition
Amplifier Streamer
Hydrophone
Figure 3.3: Schematic representation seismic and EM data acquisition. Top: (a) A hydrophone
measures the pressure at a point. Bottom: Two electrodes measure the instantaneous po-
tential difference between two points to give a voltage. (b) The telluric cable connecting
the two electrodes is straight (ideal position). (c) The telluric cable connecting the two
electrodes is bent. This may be caused by wave motion or cross-currents on the sea.
Given the CSEM measurement configuration, there are two principal sources of CSEM
noise at the receiver:
• Environmental electric field noise is due to sources such as the magnetotelluric
(MT) field and the motionally-induced field. The latter is induced when the tel-
luric cable between two electrodes is not fully stretched or bent (as the area
shown in Figure 3.3(b)) because of water currents, microseisms, swell and tides.
This is discussed further in Chapter 5. This type of noise is frequency, receiver
length, and water depth dependent. In a deep water setting, the contribution of
MT noise is limited since it is significantly attenuated by the thick water layer
(Key, 2003). Motionally induce noise is also not a limiting factor because of the
restricted influence of current on the cable in water depths greater than or equal
to 3000 m. However, in shallower water, the intensity of water currents, swell,
and tides increases substantially (Constable et al., 1998; Chave et al., 1991). As
a consequence, because of its towing depth, the towed streamer CSEM is more
affected by the motionally-induce noise than the static node-based CSEM. The
environmental electric field is expressed in volts per metre (V m−1).
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• Instrument noise (the electrodes and the electronics) generates noise by the con-
tact of the electrodes surface or electronics (if there is a break in the receiver
insulation) with an ionic conductor (salt or fresh water). The majority of instru-
ment noise sources are independent of the antenna length (Webb et al., 1985) and
are expressed in volts (V).
In the time domain, the sources of noise recorded by a channel can be expressed as
(Connell and Key, 2012):
En(t) = Ei(t) +
Vr(t)
∆xr
, [V m−1] (3.3)
where En(t) is the total noise measured at a channel, Ei(t) is the environmental electric
field noise, Vr(t) is the noise originating from the electrodes and amplifiers, and ∆xr is
the length of the electric receiver dipole in metres (m).
When towing the EM streamer in the sea, there are other sources of noise which must
be taken into consideration. The direct consequence is an increase of En(t) with equa-
tion (3.3) rewritten as:
En(t) = ET (t) + Ei(t) +
Vr(t)
∆xr
, [V m−1] (3.4)
where ET (t) is the component of the noise generated due to the motion of the streamer
in the Earth’s magnetic field. It is expressed in V m−1. Equation (3.4) shows that
the contribution from the motionally-induce noise ET (t) and the magnetotelluric noise
Ei(t) is independent of the measuring receiver length, however, the contribution from
the electrode and amplifiers noise Vr(t) can be reduced by increasing the receiver length.
Webb et al. (1985) show that the use of very long receiver length reduces the effect of
electrode noise. Details are given in Section 3.3.
The total uncertainty in the recorded data in marine CSEM can be estimated using
the following formula (Mittet and Morten, 2012):
ε =
√
(αFm)2 + (En(t))2 , (3.5)
where Fm is the magnitude of a measured field component. The quantity α is the
uncertainty that arises because of inaccuracies in source and receiver positions and
orientations. The quantity En(t), is noise which can be caused by instrumentation or
by any environmental electric field noise. α and En(t) vary with water depth (Barker
et al., 2012).
In the node-based CSEM system in deep water, the source is deep-towed at 10–50 m
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above the seafloor at a nominal speed of 1.5 kn. This is the minimum speed to keep
some control of the source (Ziolkowski and Wright, 2012). Even at this low speed, the
source electrodes may be perturbed by lateral sea currents leading to their deviation
from the tow direction. Short-baseline acoustic system on both the source vessel and
on the receiver electrodes combined with the transponders on the source electrodes
are typically used to obtain the source and receiver in water depths of less than 3 km
(Ziolkowski andWright, 2012; Barker et al., 2012). When operating in deep water, a long
tow cable from the source vessel pulls the source through the water at 30–50 m above
the seafloor (Shantsev et al., 2012). Uncertainties in the source position are significant
because of the difficulty to maintain source electrodes at fixed depth and to measure
their lateral position accurately. Constable (2010) argues that α in equation (3.5) are
the biggest limitations on node-based CSEM data quality. That is, the effect of En(t)
(see equation (3.3)) is small compared with αFm in deep water.
In the towed streamer CSEM system, the source and receiver are towed close to the
sea surface, at a depth of 10–100 m below the sea surface. Therefore, their positions
are known accurately with GPS (Global Positioning System). Therefore the relative
uncertainty of the source and receiver positions α is reduced significantly and is not
a limiting factor. So, the noise term En(t) (see equation (3.4)) is the biggest source
of noise as it is independent of the source-receiver position. The identification and
quantification of the different sources of noise in the towed streamer CSEM system
may lead to
(1) modification of the acquisition parameters in order to reduce the noise during
data acquisition,
(2) the prediction and subsequent subtraction of this noise from the recorded data.
Working on sources of noise for the marine towed streamer CSEM system, it is worth
considering noise sources found in state-of-the-art node-based CSEM systems.
Regardless of their source, noise can be divided into two categories: incoherent and co-
herent (correlated) noise. In a multichannel dataset, incoherent noise does not correlate
either with neighbouring channels (i.e no spatial correlation) or along the time series
of the same channel (no temporal correlation). In contrast, coherent noise correlates
spatially and/or temporally from channel to channel.
The nature of some noise is known: MT noise is described as spatially-correlated from
receiver to receiver (Ziolkowski et al., 2010). In the literature, microseism and swell
are described as noise which occur at a specific frequency and create spurious peaks
in the measured signals: they have been observed between 0.05 and 1 Hz (Weitemeyer
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and Constable, 2010; Kedar et al., 2008; Webb et al., 1985). However, the nature of
motionally-induced noise in the towed streamer CSEM is not well understood. Resolving
the nature of these noise sources is the major goal of my thesis.
3.3 Electrode and amplifier noise
Electrodes used in the node-based CSEM system are similar to those used in the towed
streamer CSEM.
A pair of electrodes is used to measure the electric field in seawater. Since the conductive
sea water filters EM fields, the electrodes used in marine CSEM have to be extremely
sensitive in order to measure the small electric field on the seafloor (Brady et al., 2009).
All electrodes fall into two categories:
Non-polarisable electrodes are robust and have excellent long term stability. One ex-
ample of this electrode is the silver-silver chloride (Ag-AgCl) electrode, which is com-
monly used to make contact with seawater in marine CSEM electric field measure-
ments.
The Ag-AgCl electrodes consist of metallic silver (Ag) that is coated with a thin layer of
solid silver chloride (AgCl). In a commercial application, the electrode is encapsulated
and immersed in a solution containing ions of the metal in high concentration (Corwin,
1973; Ives and Janz, 1961). This is done to ensure that the electrode operates in a
reversible in order to give meaningful readings (Corwin, 1973). The contact with the
sea water is made through a porous barrier that has a low fluid leakage rate. The
electrode reversible reaction is:
Ag + Cl− 
 AgCl + e− . (3.6)
The relative insolubility of AgCl and its compatibility with the major anion in seawater
makes this a stable and practical electrode for marine use (Constable, 2013). However,
electrodes that are not immersed in their own ions work and can be used for academic
applications. This is the type of electrodes that were used during the experiments in
the FloWave tank described in Chapter 6.
Traditionally, in marine CSEM, the electrodes are housed in the receiver unit arms, 8–
10 m in length, and are connected to an amplifier through telluric cables. This amplifier
generates noise which is very small compared with the electrode noise (Connell and Key,
2012). In the following analysis, I have chosen to group the amplifier noise with the
electrode noise.
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Despite the recent innovations, there are still factors limiting the detection and imaging
of the reservoir in marine CSEM. The electrode self-noise rather than natural ambient
noise is a source of electric field noise above 1 Hz (Mittet and Morten, 2012; Constable
and Weiss, 2006; Hoversten et al., 2006; Constable et al., 1998; Filloux, 1980). Accord-
ing to Cox et al. (1978) and Corwin (1973), noise related to the electrodes arises from
random rearrangements, temperature, salinity variations (the result of electrochemical
processes on the electrode surfaces) and chemical reactions within the electrodes. Con-
cerning its characteristic, Mittet and Morten (2012); Hoversten et al. (2000) and Cox
et al. (1978) reported that the electrode noise spectrum seems to follow a f−1 law up to
0.1 Hz, and has a constant level above this frequency. This constant level is associated
with noise from the amplifier (Constable et al., 1998). Another limiting factor is the
related to the receiver noise-floor.
In node-based CSEM, the noise floor of the receivers in use today in 40 m water is
about 8× 10−10 V (8 m long receiver) (Mittet and Morten, 2012) and about 2× 10−10
V (10 m long receiver) in 900 m water (Constable, 2013). This noise is so important
that the current depth of investigation could double if the receiver noise floor could be
decreased by a factor of 10 (Mittet and Morten, 2012).
The necessity to keep the Ag-AgCl electrode wet and electrochemical effects at the
surface of the electrode (due to temperature changes or variation of the salinity of the
local environment) encouraged the use of polarisable or capacitive electrodes such as
gold, titanium, and carbon fibre (Crona et al., 2001). Gold and titanium are never used
for commercial purposes because they are too expensive. These electrodes are inert in
the seawater and do not need an electrochemical interaction with the ionic solution.
Quasar Federal System Inc. (QFS), a company specialised in the design and production
of low-frequency electromagnetic sensing systems has developed and commercialised a
new type of electric field receiver that employs chemical inert electrodes that couple
capacitively to electric potentials in the Earth (Nielsen et al., 2009; Hibbs and Nielsen,
2008). Unlike the conventional node-based receiver, this new receiver does not require
any long arms to obtain measurements and does not suffer from electrochemical prob-
lems. This capacitive interaction couple directly to the electric potential at a given
point in the medium via the rate of change of the local electric flux density (Hibbs
and Nielsen, 2008). Zhang (2011) compares QFS receiver (a pair of electrodes separ-
ated by 0.84 m) with the Scripps Institution of Oceanography (SIO) receiver (a pair of
electrodes separated by 10 m) off the Australian coast. Zhang (2011) shows that the
sensitivity of the capacitive electrodes is similar to the SIO Ag-AgCl electrodes in the
frequency bandwidth 0.003–1 Hz.
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3.4 Magnetotelluric noise
The magnetotelluric (MT) signal originates from sources such as the magnetosphere
and ionosphere. It is spatially correlated over many kilometers and is time-variant
(Gamble et al., 1979). For MT studies, the MT signal is present at frequencies ranging
from 0.001–104 Hz (Vozoff, 1991). Within this frequency range, three source regions are
important. At frequencies below 1 Hz, the amplitude of the MT field increases rapidly
with decreasing frequency. Solar wind interaction with the Earth’s magnetosphere is the
dominant cause of fields in this frequency range (Simpson and Bahr, 2005). At about
1 Hz, is the so-called dead-band where MT fields are typically weak. At frequencies
above 1 Hz, MT fields have their origins in meteorological activity such as lightning
discharges (Simpson and Bahr, 2005). In marine CSEM, MT signals are noise.
In water deeper than 3000 m, the contribution of MT fields to the noise level is small
because the ”skin effect“ of the thick conductive seawater layer attenuates the signal
(Constable et al., 1998). However, in towed streamer CSEM, the streamer is towed 100
m from surface. This water layer is not deep enough to attenuate the strong arrival of
MT fields (Ziolkowski and Wright, 2012).
Efforts have been made to reduce the effect of MT noise in shallow water. de la
Kethulle de Ryhove and Maaø (2008) propose a survey design method to partially
remove MT signals recorded by the receiver during periods of high MT activity. The
method consists of subtracting MT signals by multi-station analysis since MT signals
are spatially correlated. This method consists of: first, deploying two or three receiver
nodes outside the survey area (remote) as well as inside the survey area when the
source dipole is not transmitting a signal. Calculate transfer functions between the re-
mote and the survey area. These transfer functions are dependent on the frequency,
survey geometry, subsurface conductivity structure and seawater conductivity but are
independent of the MT signals that are recorded at different receiver nodes. When the
source transmits a signal, these transfer functions are used to estimate and remove
the MT signals in the data recorded in the survey area with the source signal present,
based on the source-free remote measurement of the MT signal. Although the technique
shows good results with node-based receiver data, it would be expensive to implement
for the marine towed streamer CSEM system because of the additional cost of deploy-
ing receiver nodes away from the survey area. It comes down to doing the survey twice
and using node-based receivers (for the remote survey) which one is trying to avoid by
towing the receivers.
Ziolkowski et al. (2010) estimate and remove MT noise on each trace for transient
data collected with a multi-channel ocean bottom cable (OBC). The technique consists
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of deconvolving a source gather for the measured current. This results in the signal
being compressed to impulse responses with noise still present at late times. Then, an
estimate of the noise on a near-offset single trace is obtained by subtracting the short
impulse response from the raw common-source gather. This noise estimate is similar to
the noise on other traces. Once the noise is estimated, it can be subtracted from the
trace to reveal the impulse response. This method increases the signal-to-noise ratio by
up to 20 dB. This is equivalent to increasing the source signal by a factor of 10 (700 to
7000 A) or to removing 90 % of the noise. This technique works well on correlated noise
present in ocean bottom cable (OBC) data and can be used for the removal of noise
in the towed streamer CSEM if the source signal is transient (source signals that have
a beginning and an end). On contrary, conventional CSEM source uses a continuous
source signal) and the dominant noise is correlated. However, as I show in Chapter 4, in
towed streamer CSEM, the majority of noise is not correlated from channel to channel
within the frequency bandwidth of interest (0.01–1 Hz).
3.5 Motionally-induced noise
The motion of an electric field antenna wire at velocity v in Earth’s magnetic field B
results in an induced electric field (Constable, 2013):
E = v×B. [V] (3.7)
For the node-based CSEM, the physical shaking, due to mechanisms such as microseism
and swell (described in the next section), or the motion of the receiver unit and electrode
arms due to seafloor water currents, is troublesome for electric field measurements
(Mittet and Morten, 2012; Summerfield et al., 2005). During a CSEM survey carried
out in 1850 m water depth, under high tidal water currents, Summerfield et al. (2005)
observed that high levels of motionally-induced noise, with peak frequencies typically
around 0.3 Hz and 0.7 Hz along with harmonics, affected all data channels. The noise
was caused by the vibration of the receiver electrode arms in response to water currents.
In fact, a small vibration of the electrode arms can induce noise levels well within the
range of measurements (Constable, 2013). It is, therefore, important to mitigate their
effect.
Mittet and Morten (2012) and Summerfield et al. (2005) describe two survey techniques
for the attenuation of vibration-induced noise from seafloor nodes. The first technique
involves designing receivers and electrode arms with a shape that reduces hydrodynamic
interaction (Mittet and Morten, 2012). Summerfield et al. (2005) show that substituting
the PVC receiver arms with a stiffer one moved the dominant noise frequency at about
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0.7 Hz outside the operational passband at 1.5 Hz. In addition, Summerfield et al.
(2005) suggest that wrapping the electric field receiver arms with a fairing material can
attenuate the motionally-induce noise levels, although Summerfield et al. (2005) never
explicitly state by how much.
For the towed streamer CSEM, as the receiver sensors move in the seawater within the
Earth’s magnetic field, the contribution of the motionally-induced noise (Equation 3.7)
is significant. This is one of the reasons why the technology was not in use until 2010.
Chapter 5 is dedicated to explaining and estimating the mechanisms of this noise.
3.6 Microseism and swell noise
Longuet-Higgins (1950) proposed a mechanism that leads to the generation of micro-
seisms based on the research carried by Miche (1944) on the theoretical study of wave
motion. According to Longuet-Higgins (1950), the interaction between two waves with
the same wavelength and same frequency travelling in opposite directions generates a
long wavelength that does not attenuate with depth and therefore can reach the deep
ocean floor. In the case of the towed streamer CSEM streamer, the long waves reach
the EM streamer towed 100 m below the sea level as shown in Figure 3.4. This causes
the streamer to vibrate (up-and-down) at a certain frequency. Therefore, the generation
of microseisms depends mainly on the wave frequency. The question that needs to be
addressed is: how does this mechanism create additional EM field noise on the receiver?
In an attempt to answer the question and following Bhatt (2014)’s suggestion, it is clear
that the water motion near the streamer, triggered by the wave travelling at velocity
(vw) in the geomagnetic field (B0), generates a primary electric field according to the
Lorentz law (i.e., E = vw ×B0, similar to Equation 3.7), which in turn creates an EM
signal detected by the receivers inside the streamer. The noise is typically present in
the frequency band of 0.05–1 Hz (Kedar et al., 2008). From node-based CSEM data
collected in 500 m water depth, Bhatt (2014) observes a prominent peaked spectrum
at 0.1 Hz which he associates with microseism events.
Ocean swell is a wave that is free of fetch (where the wind transfers energy to the water
surface and raises waves) and has a regular up-and-down and back-and-forth motion
(Pinet, 2003). In shallow water, the noise due to the ocean swell is far greater than
in deep water. Depending on weather conditions, swell noise is present at frequencies
above 0.1 Hz (Mittet and Morten, 2012). From data acquired in 100 m water depth in
the Gulf of Mexico, a peak at around 0.1 Hz observed in the spectrum was associated
with ocean swell noise (Hoversten et al., 2000). A way to tackle this noise would be
to analyse its frequency spectrum during the deployment of the seabed receivers and
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then optimize the source waveform to avoid the overlap of transmitter signal with
any observed frequency bands of the swell (Mittet and Morten (2012); Shantsev et al.
(2010)). In practice, the swell frequency is not constant and can vary during a survey.
Therefore, swell noise can overlap with signal bandwidth.
Since the towed streamer CSEM streamer is towed 100 m below the sea surface, micro-
seism and swell noise are particularly troublesome for the measurement of high-quality
data.
In summary, Figure 3.4 illustrates the sources of noise in the towed streamer CSEM
system. The sources of noise include the electrode and amplifier noise, MT field, and
the motion of the streamer. This motion can be caused by three factors: water currents,
the indirect effect of ocean swells that causes the motion of the towing cable, and the
direct effect of ocean swells on the streamer. MT activity affects both the node-based
and towed streamer CSEM system. However, it has already been identified and its
nature is understood as described in Section 3.2. On the other hand, even though some
progress has been made in the understanding and limitation of the effect of electrode
and motionally-induced noise in the node-based CSEM, their contributions (in terms
of noise level) is greater in the towed streamer CSEM. It is clear that the identification
and quantification of the contribution of each source of noise in the towed streamer
CSEM is required to improve the system.
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Figure 3.4: Illustration of the sources of noise in the towed streamer CSEM system (not to
scale). Towing noise originates from the electrode and amplifier noise, MT field, and the
motion of streamer due to water currents and ocean swells.
3.7 What does the signal-to-noise ratio look like?
Signal-to-noise ratio (often abbreviated to SNR) is a measure of signal strength relative
to noise. It is used in signal processing as a quantitative measure of the performance
of a system (Rutten et al., 1972) and is generally expressed in decibel (dB). The SNR
is expressed as:
SNR = 20× log10
(Signal Amplitude (e.g V)
Noise Amplitude (e.g V)
)
. [dB] (3.8)
Node-based CSEM surveying was originally designed to operate in water depth greater
than 1000 m (Eidesmo et al., 2002). As shown in the previous section, noise originating
in the ionosphere is not a limiting factor, since the receiver nodes are deployed at the
bottom of the deep ocean. In contrast, the towed streamer CSEM is towed at 100 m
from the surface and is designed for water depth less than 400 m. As Barker et al.
(2012), Anderson and Mattsson (2010) and Ziolkowski et al. (2010) explain, at this
water depth there is more MT noise as there is less water to attenuate it. When towing
the EM streamer there is an additional noise due to the movement of the receiver
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electrodes in the water column (see equation (3.7)). In Chapter 4, it is shown that this
towing noise is typically 20 dB above the level of the Ocean Bottom Cable system in
the bandwidth of interest (0.01–1 Hz).
Therefore the benefits of towing an electromagnetic streamer in water, such as the
ease of operation and the cost effective acquisition of EM data are counteracted by the
increase noise levels. Increasing the signal-to-noise ratio by 20 dB is the biggest challenge
associated with the towed streamer CSEM system. This leads to two questions that
need to be addressed (with respect to Equation 3.8). First, by how much does the
signal need to be increased? And second, by how much does noise amplitude need to
be decreased? To address these questions, equation (3.8) can be rewritten as:
SNR = 20× log10
 S(t)n(t)
∆xr
 = 20× log10
 S(t)
ET (t) + Ei(t) +
Vr(t)
∆xr
 . [dB] (3.9)
From equation (3.9), there are two ways to improve the signal-to-noise ratio. The first
method consists of increasing the source amplitude, S(t), specifically by increasing the
source dipole moment (SDM): either by increasing the output current or lengthening
the transmitter dipole or both. The second way to increase the SNR is to decrease the




Let us start by analysing different ways to increase the SDM:
Increasing the source dipole moment (SDM): the signal has an amplitude pro-
portional to the SDM. In the node-based CSEM method, dipole lengths are in the range
of 100–300 m (Constable and Srnka, 2007) and the source current output up to 1000 A
(Constable, 2010). That is, conventionally, the SDM is in the range 100–300 kA m
In the towed streamer CSEM, the current SDM in operation is 1200 kA m, with the
source dipole typically 800 m and the source current output up to 1500 A (Mattsson
et al., 2012). Using equation (3.9), an increase of the current SDM by a factor of 10
must be implemented to achieve the 20 dB increase in SNR. This increase could be
possible if one uses a surface-towed configuration with the current source mounted on
the deck of the vessel instead of using a traditional subsea encapsulation. EMGS uses
this technique in water depths in the range 10–700 m. In this way, Barker et al. (2012)
have been able to increase substantially the SDM, going from 350 kA m (conventional
SDM) to 2160 kA m. This causes a 16 dB of the SNR of the measured data.
Although the increase in SDM increases the SNR, there are limitations associated with
the source output amplitude and the length of the source. During a towed streamer
CSEM survey, the source and receiver are intended to to stay straight behind the
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acquisition vessel. The source is towed 10 m below the sea water, therefore, a source
dipole longer than 800 m could increase the possibility for the source dipole to not
accurately follow its acquisition path because of the strong effects of wave and water
motion at such shallow depth. Increasing the source current amplitude above 1500
A increases the danger and complexity of shipboard operation, increases the cost of
transmitting a high power through the tow cable down to the source unit, and could
raise environmental concerns (Constable, 2010). More likely, increasing the SNR could
be done by reducing the noise levels.
Following equation (3.9), a decreasing in the noise can be achieved in three ways:
1. Increase the receiver length, ∆xr: Constable (2013); Connell and Key (2012)
and Webb et al. (1985) argue that the length of the receiver can be increased to
overcome the presence of electrode noise, thereby improving signal-to-noise ratio
for electric field measurements. The reason for this is clear from the third term





In practice, the receiver length is not infinite. In the node-based CSEM, the
receiver length is 10 m. In deep water, it has been shown that receiver lengths up
to 3000 m (Webb et al., 1985) are three times less noisy than 1000 m (Constable
and Cox, 1996) long receivers. These receivers are also proven to be two orders
of magnitude smaller in noise levels than the conventional 10 m long receivers.
Doing this works because ET and Ei(t) have a limited effect in water at these
depths, and proves that the major source of noise in their system was caused by
electrode noise, Vr. This is shown in Figure 3.5(a). However, if one assumes that
the electrode noise in 40 m water depth is 8× 10−10 V above 0.1 Hz (Mittet and
Morten, 2012), and that ET is equal to 10−7 V m−1 (Constable, 2013), then one
can conclude from Figure 3.5(b) that having receiver length up to approximately
500 m causes an increase in SNR of only 0.04 dB. In short, given the state of
equipment used today, this demonstrates that making the receiver significantly
longer (more than 500 m) would not have any change in the SNR. Increased SNR
cannot be achieved unless the dominating term ET is reduced as a first step.
2. Reduce the electrode noise level, Vr(t): the present electrode noise value is
10−10 V m−1 for 8 m long receiver (Mittet and Morten, 2012). For ET = 10−7
V m−1 (Constable, 2013) and using equation (3.9), one can show that the increase
of SNR is only 0.02 as Vr decreases by a factor up to 10 for example. Further
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SNR as a function of ∆ x_r
Figure 3.5: Signal-to-noise ratio as a function of increasing receiver length. (a) Vr is the major
source of noise. (b) Vr not the major source of noise.
reducing the electrode noise makes almost no difference. This is true because Vr
is not the major source of noise.
3. Reduce the electric field noise due to the motion of the streamer, ET (t):
when towing the receiver in the sea, the streamer motion and its subsequent tug-
ging or strumming are inevitable. This motion induces a noise which falls within
the range of electric field measurements (Constable, 2013). Therefore, mitigating
its effect is important for the efficiency of the towed streamer CSEM. Assuming a
200 m receiver length, Figure 3.6 shows that reducing the motion of the streamer
by a factor of 10 and 100, for example, increases the SNR by approximately 16.8
and 19.5 dB, respectively. Further reducing ET (t), for example by a factor of
1000, is shown not to provide a significant change in the SNR improvement. To
prevent the motion of the streamer, one could tow the streamer deeper or increase
the streamer tension.
4. Modifying the waveform: the transmitter generates a pre-determined wave-
form that controls the frequency content, the distribution, and the relatives amp-
litudes of the component frequencies. Since CSEM is sensitive to thin electrical
structure (resistive bodies) which lie between conductive bodies, it is desirable to
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Figure 3.6: Signal-to-noise ratio as a function reducing the motionally induced field. Decreased
noise level ET from 10−7 to 10−10 V m−1. The red, blue and green curve correspond to the
effect of reducing ET by a factor of 10, 100 and 1000, respectively.
use a waveform that contains multiple frequencies so that several depths can be
probed. Ideally, the energy transmitted at each frequency should be as equal as
possible and cover a decade of frequencies (Lu and Srnka, 2009). Square waves or
a sequence of square waves are generally used in CSEM because they are easy to
generate and contain a useful range of frequencies (MacGregor, 1997). However,
its energy is concentrated at the fundamental frequency and odd harmonics and
sequentially decreases in magnitude with increasing frequency. Waveforms which
concentrate the energy in selected frequencies to resolve the target of interest
have been customized (Myer et al., 2011; Mittet and Shaug-Pettersen, 2008; Con-
stable and Cox, 1996) and patented (Lu and Srnka, 2009). However, Ziolkowski
et al. (2011) demonstrated the use of a pseudo-random binary sequence (PRBS)
waveform in 380 m water depth using towed streamer CSEM. This waveform has
the advantage of containing all frequencies at equal amplitude within the desired
bandwidth. Ziolkowski et al. (2011) showed that compressing the receiver energy
of the pseudo random binary sequence into an impulse response by deconvolution
result in a gain in SNR of 32.5 dB.
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Table 3.2 summarises the five recommended approaches for increasing the SNR in
the towed streamer CSEM: reducing the motionally-induced noise by a factor of 100,
increasing the receiver length up to 500 m, reducing the electrode noise by a factor 10,
using PRBS waveforms and increasing the source current by a factor of 10. It is clear
that the biggest challenge in towed streamer CSEM is related to the identification,
quantification and perhaps the attenuation of the component of the noise associated
with the motionally-induced noise, ET . Addressing the first two points is the major













ET (t) - 100 16
PRBS - - 32.5
Factor increase




Table 3.2: Increase in signal-to-noise ratio associated with increasing SDM and decreasing
noise level.
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Summary
A towed streamer CSEM system enables faster and more efficient data acquisition com-
pared with traditional node-based receivers. However, the system can be affected by
noise from various sources. Most of the noise sources identified in node-based CSEM
are observed in the towed streamer CSEM. I have summarised research on this issue
and shown how these sources of noise contribute in the towed streamer CSEM system.
However, because of motionally-induced noise, the noise level in the towed streamer
CSEM is substantially higher than noise levels in the node-based CSEM. I then presen-
ted different parameters in the source signal that one needs to change in order to
improve the signal-to-noise ratio of the towed streamer CSEM. Increasing the signal
has reached practical limitations, so the only option is to reduce the noise. Two ap-
proaches have been shown to increase the signal-to-noise ratio. First, reducing the effect
of motionally-induced noise by a factor of 100. Second, using a pseudo-random binary
sequence (PRBS) waveform. A clear identification and quantification of the sources of
noise could help to predict and then subtract the noise in data. It could also help to
modify the acquisition system to prevent the noise being generated in the first place.
4
Noise Analysis: Towed Streamer
and Ocean Bottom Cable CSEM
The most exciting phrase to hear in science, the one that heralds
the most discoveries, is not “Eureka! ” (I found it!) but “That’s funny...”
Isaac Asimov (1920–1992)
Author and Biochemist
I analyse the noise recorded using first the 1st generation towed streamer controlled
source electromagnetic (CSEM) with the noise recorded using a static ocean bottom
cable (OBC) CSEM. The main findings are that within the frequency range of in-
terest, 0.01–1 Hz, the towed streamer CSEM noise is 5–30 dB greater than the noise
recorded with the OBC-based CSEM. I show also that the motion of the telluric cable
between the pair of electrodes in the towed streamer CSEM is responsible for this
difference in amplitude between the two systems. Within 0.03–0.1 Hz and 0.3–0.2 Hz,
the motionally-induced noise is uncorrelated across all channels. However, within 0.1–
0.3 Hz, the motionally-induced noise correlation coefficient gradually increases and be-
comes well correlated at about 0.2 Hz. I conclude that movements of the lead-in cable
due to ocean swells cause this correlated noise. This mechanism is the major mech-
anism responsible for the generation of noise in the towed streamer CSEM. I suggest
that the signal-to-noise ratio on towed streamer CSEM can be improved by increasing
the channel length to at least 500 m, towing the streamer deeper or by increasing the
tension between the streamer head and the tail buoy.
Parts of this chapter (4.1-4.3) were presented under the title Noise investigation of a towed marine
active source EM system at the Bristish Geophysical Association Postgraduate Research Meeting. The
abstract is published in Tcheheumeni et al. (2013).
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4.1 OBC (static) and towed streamer CSEM noise datasets
For the purpose of my Ph.D. thesis, I analyse ocean bottom cable (OBC) and towed
streamer controlled source electromagnetic (CSEM) data collected by Petroleum Geo-
Services (PGS) while the transmitter was switched off. The data were collected with
the 1st generation towed streamer CSEM streamer. The same system was used to
acquire noise data in the North Sea presented in Mattsson et al. (2012). Acquisition
parameters are provided in Table 4.1. The OBC data were obtained in water 100 m
deep at a sampling rate of 20 Hz. The system consisted of 11 channels, each 200 m
long.
Towed streamer CSEM noise measurements consisted of a 6500 m long streamer towed
100 m below the sea surface at a speed of 4 knots (2.06 m s−1). The noise was collected
in a total of 11 straight survey lines, at the beginning (pre-noise) and at the end (post-
noise) of each line, at a sampling rate of 120 Hz. This makes a total of 22 datasets. The
streamer contained 22 channels that were laid out as shown Figure 4.1. The channel
layout was subdivided into two main groups as shown in Table 4.2. The first group con-
sisted of 11 inline (non-overlapping) channels in which the separation of the electrodes
in each pair was 200 m. The second group consisted of 11 inline (overlapping) channels




1 2 3 4 5 6 7 8 9 10 11
500 m electrode
650m spacing electrode 22
(overlapping channels)
spacing channels 12-21
200m electrode spacing channels 1-11 (inline channels)
Figure 4.1: Towed streamer CSEM electrode configuration. The near offset has a channel
separation of 200 m (Channel 1) and 500 m (Channel 12), and the separation between the
far offset channel pair is 650 m (Channel 22). Notional offsets for Channel 1–11 are the
same as Channel 2–22 so the mid-point of Channel 1 is the same as Channel 12 (from Dr.
David Wright).
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Parameters OBC CSEM Towed streamer
CSEM
Number of lines 1 13
Number of channels 11 22
Channel length (m) 200 200, 500 and 650
Length of record 216450 samples, 832.5 s 1303743 samples, 864.5 s
Sampling frequency (Hz) 20 120
Table 4.1: OBC and towed streamer CSEM data acquisition parameters.
The abbreviation “Ch” followed by a number in Table 4.2 corresponds to the channel
position along the towed streamer. The same abbreviation is used to display the OBC
CSEM data.
Electrode configuration Length (m) Channel number
Group 1 (non-overlapping) 200 Ch1 Ch2 Ch3 Ch4 Ch5 Ch6 Ch7 Ch8 Ch9 Ch10 Ch11
500 Ch12 Ch13 Ch14 Ch15 Ch16 Ch17 Ch18 Ch19 Ch20 Ch21
Group 2 (overlapping) 650 Ch22
Table 4.2: Electrode configuration. Group 1 consisted of 11 non-overlapping channels (Ch1
until Ch11), and Group 2 consisted of 11 overlapping channels (Ch12 until Ch22).
The frequency range of interest is 0.01–1 Hz.
4.2 OBC and towed CSEM noise quality control analysis
To examine and characterise the measured data, several quality control (QC) methods
are used. These include analysis in the time domain and in the frequency domain.
Time domain analysis
OBC and towed streamer CSEM data were collected as time series. These time series
were divided into 120-second windows that correspond to a typical towed streamer
CSEM acquisition shot length. The mean was subtracted to remove the direct current
(DC) contribution.
The distribution of noise along a streamer can be obtained by averaging the root
mean square (RMS) values from several statistically independent records (Elboth et al.,
2009).
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Let E(n) denote a one-dimensional discrete-time series containing the electric field
noise, n be the time-domain index of the input samples, n = 1, ..., N , and N be the
total number of samples used to calculate the RMS. The RMS value of a quantity is







E(n)2 , [V m−1] (4.1)
To compute Erms, the following steps were implemented:
1) The noise data were divided into several windows of 120-second length.
2) The mean was removed from each of the windows.
3) Erms was calculated in each window following equation (4.1).
4) The mean Erms was obtained by averaging the vector containing the Erms values.
5) The standard deviation and standard error of the mean were computed to give a






(Erms(j)− Erms)2 , (4.2)
where Estd is the standard deviation, j is the sample RMS number, Erms is the
RMS mean, and M is the number of RMS values. The standard deviation is a
measure that summarises the amount by which every value within a data set
varies or deviates from the mean. On the other hand, the standard error of the





where Esem is the standard error. The standard error of the mean tells how close
each sample of a data set is to the mean.
If the sampling distribution is normal, the standard error of the mean will be used to
produce a range we can be 95 % confident it will contain the true mean. This is called
confidence interval and it is expressed as:
CI = Erms ± 2× Esem , (4.4)
where CI is the confidence interval.
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Spectral analysis
Spectral analysis is useful for analysing the contribution of noise at different frequencies.
This is performed with the power spectral density (PSD).
To calculate the PSD, the discrete-time series E(n), was divided into 120-second-long
windows, and the DC was removed in each time window. Each time window was mul-
tiplied with a Hanning window of the same length before applying the FFT. The
product was put through the real-to-complex FFT algorithm following equation (0.4).
The squared magnitude in each window was computed, averaged and scaled according
to equation (0.7).
Coherence analysis
The magnitude squared coherence (MSC) is a signal processing tool that provides
a measure of how well 02 time series x(t) and y(t) are correlated as a function of






where Pxy(f) is the cross power spectral density at frequency f between two time-
series x(t) and y(t) with power spectral density Pxx(f) and Pxy(f). The MSC can also
be interpreted as a correlation coefficient in the frequency domain (Stoica and Moses,
2005). In the following, the MSC is called the correlation coefficient for simplicity.
Let x(n), n = 1, ..., N and and y(n), n = 1, ..., N be samples from the input signals.














where ? indicates the complex conjugate.
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The power spectrum for the coherence is calculated following the Welch method (Welch,
1967). First the time-series is divided into a number of windows of the same length.
Then each window is multiplied by a window function; in this case, a Hanning function
is used. The power spectral density of each window is calculated, and then the average
is obtained to find the MSC Cxy(f) in equation (4.5).
4.3 Noise in a towed streamer and OBC CSEM
Towed streamer and OBC CSEM noise data were collected at a rate of 120 Hz and
20 Hz, respectively. To compare the two datasets, a high pass filter at 0.02 Hz was
applied to OBC CSEM dataset. This was done because the towed streamer noise data
were acquired with an analogue high-pass filter at 0.02 Hz. A low pass filter of 10 Hz
was applied on the towed noise data. The output was then re-sampled to 20 Hz, that
is the same sample rate as the OBC CSEM data. Finally, an FFT was applied over
the same window length on both datasets. Figure 4.2(a) shows typical time series with
amplitude measured in volts per metre. Figure 4.2(b) shows the amplitude spectrum
obtained from the data shown in Figure 4.2(a).
Considering the PSD plots in Figure 4.2(b), the following observations can be made:
• Above 3 Hz the noise on the towed streamer CSEM is comparable with that of the
OBC CSEM. The peak at approximately 7.83 Hz is present on all datasets and
observed at the same amplitude on both systems. This peak corresponds to the
first Schumann resonance (Madden and Thompson, 1965). Schumann resonance
is the global low-frequency electromagnetic oscillations of the earth-ionosphere
cavity that occurs at frequencies of about 7.8 Hz, 14.1 Hz, 20.3 Hz, 26.4 Hz, and
32.5 Hz (Nickolaendro and Hayakawa, 2013; Matsushita and Campbell, 1967).
• Below 3 Hz the difference between the towed streamer and static system becomes
clear. As the frequency decreases, the OBC and towed streamer CSEM noise
increase rapidly in amplitude. Towing noise is about 32 dB higher than in the
OBC system at 0.07 Hz, and 10 dB higher at 0.7 Hz. Typically, towing adds on
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Towed streamer CSEM − Ch1 F200 mq
Towed streamer CSEM − Ch2 F200 mq
Towed streamer CSEM − Ch3 F200 mq
OBC CSEM − Ch1 F200 mq
OBC CSEM − Ch2 F200 mq






















































Towed streamer CSEM − Ch1 F200 mq
Towed streamer CSEM − Ch2 F200 mq
Towed streamer CSEM − Ch3 F200 mq
OBC CSEM − Ch1 F200 mq
OBC CSEM − Ch2 F200 mq
OBC CSEM − Ch3 F200 mq
Schumann resonances
Fbq
Figure 4.2: (a) Typical time series in V m−1 for 120 s of noise recorded during the two surveys.
(b) Typical PSD of data shown in (a).
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average about 20 dB to the noise level over the frequency range of interest in
marine CSEM for hydrocarbon exploration.
Coherence analysis
Figures 4.3 and 4.4 were produced by computing the coherence of the electric field
noise measured by one channel with all other channels using the data collected during
the OBC and towed streamer CSEM survey, respectively. The diagonal elements (red)
represents the perfect correlation of each channel with itself and is equal to 1. The off-
diagonal elements represent the correlation coefficients of one channel with the other
channels. The vertical and horizontal axes represent the channel number. Figure 4.4
shows the average of the correlation coefficient over the 22 noise datasets recorded
during the towed streamer survey.
Figures 4.3(a), (b) and (d) display values of the correlation coefficient in the range of
0.8–0.9 . This shows that the noise present in the OBC CSEM is correlated across dif-
ferent channels. This is a characteristic of MT noise. However, at 1 Hz (Figures 4.3(c)),
the correlation coefficient dramatically decreases to about 0.4. This is likely due to the
so-called “MT dead band” (Chave and Jones, 2012; Milsom and Eriksen, 2011) which
considerably reduces the amplitude of MT fields.
Figure 4.4(a) and (c) show that the correlation coefficient is on average below 0.2 at 0.05
Hz and 1 Hz, respectively. However, at 0.2 Hz, as shown in Figure 4.4(b), the correlation
coefficient is about 0.6. The poor correlation coefficient of about 0.05 observed at this
frequency, and at 10 Hz in Channel 1, Channel 9, and Channel 11 is likely due to
possible faulty channels. The overall high correlation across all channels observed at
approximately 0.2 Hz is likely due to ocean swell that causes motions of the various
vessel. These motions are transferred through the lead-in cable to the streamer. Another
source of this high correlation could be attributed to the direct effect of ocean swell
on the streamer. At 10 Hz (Figure 4.4(d)), the correlation coefficient is about 0.9. This
means that the noise is well correlated across different channels. Therefore, MT noise
is the dominant component of noise at 10 Hz in the towed streamer CSEM.

























































































































































































Figure 4.3: Coherence matrix of the electric field noise recorded with the OBC CSEM. (a)

























































































































































































Figure 4.4: Coherence matrix of the electric field noise recorded with the towed streamer
CSEM - non-overlapping channels. (a) 0.05 Hz. (b) 0.2 Hz. (c) 1 Hz. (d) 10 Hz.
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These results are important as they contribute to the understanding of the degree of
similarity as a function of frequency between noise recorded across different channels
in a static system such as the OBC CSEM and to the towed streamer CSEM. By
comparing Figures 4.3 and 4.4, it is clear that in both systems, the dominant component
of noise above 3 Hz is due to MT fields. However, below 1 Hz, the dominant component
of the OBC CSEM noise data is correlated MT noise, and the dominant component of
the towed streamer CSEM noise is towing noise. The peak observed at about 0.2 Hz
in the frequency spectrum (Figure 4.2) of the towed streamer CSEM is found to be
correlated across all channels.
4.4 OBC CSEM data
An example time series of electric field noise collected by three channels using the OBC
CSEM system is shown in Figure 4.5. The noise appears to be well correlated at low-
frequencies. By plotting only the data between 589 and 593 s, as shown the window in
the upper right of Figure 4.5, one can observe that noise measurements also contain
high-frequency peaks (indicated by the black arrows) that are also spatially correlated
across all channels.
The relative amount of correlated background noise in a measurement can be estimated
by the peak of the cross-correlation coefficient of noise records from different channels
(Elboth et al., 2010a). Figure 4.6 was produced by cross-correlating the noise measured
by Channel 1 with all the other channels. The value at zero lag was then picked for
each cross-correlation.
Figure 4.6 shows that the noise is very well correlated, and it is about 0.96. This
indicates that correlated noise makes up to 96 % of the overall noise recorded by
Channel 1.
The low and high-frequency features associated with the strong correlation features
of the noise are characteristic of the natural occurring magnetotelluric (MT) signal
(Dobrin and Savit, 1988), that is viewed as noise.
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OBC CSEM − Ch1 (200 m)
OBC CSEM − Ch2 (200 m)
OBC CSEM − Ch3 (200 m)
Figure 4.5: OBC CSEM: time series of noise records acquired with the OBC CSEM. The
window in the upper right represents 4 s of the data.





























Correlation coefficient at zero lag
Figure 4.6: Cross-correlation of Channel 1 with all the others 13 channels
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Recalling equation (3.4), and multiplying by the the channel length ∆xr yields:
∆xrEn(t) = ∆xr(Ei(t) + ET (t)) + Vr(t) , [V] (4.10)
where ∆xrEn(t) represents the noise measured by the OBC CSEM system (V), Ei(t)
is the MT noise (V m−1), ET (t) is the motionally-induced noise (V m−1), and Vr(t) is
the electrode noise (V). The average RMS computed from Equation (4.10) is shown in
Figure 4.7. The error bars represent the standard error and show the distribution of
errors in estimating the average RMS. The red dotted line represents an estimation of
the relative amount of the correlated MT noise in the OBC data from 98 % in Channel
1 (Figure 4.6), represented by Ei(t) in equation (4.10). In fact, MT noise contribution is
the same across all channels (since they all have the same length). In addition, since the
OBC CSEM noise measurements are made in shallow water, tidal currents and waves
can cause motion of the telluric cable connecting pairs of electrodes (Ziolkowski et al.,
2010). As a consequence, ET (t) is induced. Therefore, the variability in noise level
observed in each channel above the dotted red line in Figure 4.7 is likely caused by
ET (t), Vr(t) or a combination of ET (t) and Vr(t). Error bars are small for all channels.
This suggests that the average RMS plotted in Figure 4.7 is reliable.































Figure 4.7: Average RMS noise level in the time domain (error bars represent standard error).
The RMS level above the red dotted line shows the contribution of either ET (t), Vr(t) or
the combination of both noise sources. Error bars represent standard error of the mean.
The PSD computed from the time series shown in Figure 4.5 is displayed in Figure 4.8.
In general, the spectra in Figure 4.8 decay as frequency increases. This is due to the
inherent feature of the MT signal. At frequencies below 0.05 Hz, the main source of
noise is the spatially coherent MT noise (Connell and Key, 2012). The peak near 0.13
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Hz is attributed to ocean swell noise (Ziolkowski et al., 2010). Furthermore, the peak











































OBC CSEM − Ch1 C200 mS
OBC CSEM − Ch2 C200 mS




Figure 4.8: OBC CSEM: PSD in dB relative to 1 V2m−2Hz−1 for Channel 1 (200 m), Channel
2 (200 m), and Channel 3 (200 m) of the data shown in Figure 4.5.
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4.5 Towed streamer CSEM data
Time domain analysis
Figure 4.9 shows typical time series in V m−1 of three channel lengths for the towed
streamer system. The green, yellow and red lines show recordings made by Channel
1 (200 m), Channel 15 (500 m) and Channel 22 (650 m), respectively. Figure 4.9 is
dominated by low-frequency noise that is uncorrelated across all channels. On the other
hand, the high-frequency noise peaks observed, for example just after 620-s and 660-s
on all three channels, are correlated. The window in the upper right highlights the
peaks observed after 664-s. These correlated peaks are characteristic of MT noise.




































Channel 1 (200 m)
Channel 15 (500 m)
Channel 22 (650 m)
Figure 4.9: Towed streamer CSEM: time series in V m−1 measured by Channel 1 (200 m) -
green, Channel 15 (500 m) - orange, (orange) and Channel 22 (650 m) - red. The window
in the upper right highlights the peaks observed after 664-s
Figures 4.10(a) and (c) show the average bar plots from all runs for individual channels
in volts and volts per metre, respectively. Figures 4.10(b) and (d) show the same result
obtained by averaging the RMS of channels that have the same length. Error bars
represent the standard error of the mean. They are used to access the precision of
the RMS’ average and represent interval within with each average value falls. Analysis
of the mean RMS shows that Channel 8, Channel 10, Channel 17, Channel 18, and
Channel 19 are possibly faulty and are excluded from further analysis.
From Figures 4.10(a) and (c), we observe that the average RMS of same length channels
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is not similar. The reason for this is that the electrodes are affected by uncontrollable
and small changes in the streamer environment or within each electrode. These changes
may be due to mechanical motions of the streamer (subsequently causing the each
electrode to vibrate) triggered by the motion of the lead-in cable. Figure 4.10(a) shows
that short channels (200 m) record less noise than longer channels (500 m and 600
m). From Figure 4.10(b), we can observe that the RMS level increases with increasing
channel length, with the 650 m channel 1.3 times greater than the 500 m, and this 1.1
times higher than the 200 m channel. However, when the RMS level at each channel is
normalised by the channel length in order to enable measurements made over different
channel lengths to be compared (Figures 4.10(c) and (d)), we observe that the average
RMS level drops off as the channel length increases. From Figure 4.10(d), the average
RMS level during the survey is typically 1.4× 10−7 V m−1 for the 200 m channels. This
value is about 2.5 times higher than the 500 m and the 650 m channels. This indicates
that the noise due to motions of the lead-in cable is local at every channels. It also
shows that increasing the channel length is one way to reduce this noise.
The recorded noise level corresponds to En(t) in equation (3.4). Following this equation,
MT noise, Ei(t), is the same across all channels. The noise components that depend
on the motion of the telluric cable between electrodes, and the channel length are
ET (t) and Vr(t)/∆xr, respectively. From Figure 4.10(b) the noise level increases with
channel lengths but this increase is not proportional to the channel length. Therefore,
following equation (4.10), term Ei(t) cannot be considered as a major source of noise.
The more likely major contributors to noise levels are therefore attributed to ET (t) or
Vr(t). Furthermore, when scaling the noise level by the channel lengths as shown in
Figure 4.10(d), we see that on average the RMS level is the inverse of channel length
from 200 m to 500 m. This could suggest that the noise is dominated by electrode noise
Vr(t)/∆xr. However, this observation does not hold when the channel length increases
from 500 m to 650 m. In fact, the average RMS of the 500 and 600 m channels length
is similar. As a consequence, Vr(t)/∆xr cannot explain the electric field noise level
across the channels. The only parameter remaining is the motionally-induced noise
term ET (t).
The similar values or the slight difference of the RMS average amplitude at the 500
m and 650 m channels are likely due to the self-cancelling of the motionally-induced
noise. According to Burrows (1972), the self-cancelling effect occurs when the channel
length is greater than transverse waves during data acquisition. In this case, this effect
takes place when the channel length is greater than 500 m. Thus, for channels length
greater than 500 m the subsequent motion of the streamer generates smaller motionally-
induced noise, almost similar to the noise induced in the 500 m channel. In contrast, for
the 200 m channel, the RMS level is high compared with the 500 and 650 m channels
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because the motion or vibration of the telluric cable is in phase along the whole length.
The motionally-induced noise is therefore large. This occurs when the channel length
is smaller than transverse waves on the sea (Burrows, 1972). One question is: can we
quantify the contribution of ET (t) and Vr(t)?
However, even though the 500 and 650 m channels length have similar RMS amplitude
in average as shown in Figure 4.10(d), a close analysis of the respective standard error
of the mean bar demonstrates that the 500 m one is about twice longer than the 600 m
channel. The average RMS of the 500 m is given as 5.9×10−8±0.6×10−8 V m−1. The
actual RMS value is asserted to be between 6.5×10−8 and 5.3×10−8 V m−1. Similarly,
the average RMS of the 650 m channel length is about 5.9× 10−8 ± 03× 10−8 V m−1.
In this last case, the true RMS average value is between 6.2 × 10−8 and 5.6 × 10−8
V m−1. The fact that the average difference between the maximum RMS amplitude of
the 500 and 600 m channels length is 0.3× 10−8 V m−1 indicates the limitation of the
interpretation given in the previous paragraph.
Estimation of the contribution of ET (t) and Vr(t)
MT noise is not the major contributor of noise, therefore we assume that the term
Ei(t) in equation (3.4) is negligible. For our problem of fitting the En(t) recorded by
each channel length over the 22 noise datasets data recorded with the towed streamer
CSEM, equation (3.4) is rewritten as:




where En(∆xr) is the mean of the RMS of En(t) for each channel length, and ET and
Vr are the constants to be estimated using non-linear least-squares. We fit the model in
equation (4.11) by assigning two random starting points to ET and Vr. The non-linear
least-squares criterion consists of finding the value of ET and Vr that minimizes










where P is the total number of points (22 in our case) and f(ET , Vr) is the function
that is the sum of the squares of the errors, εj , associated with each point j defined
as:
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For each value of En(∆xr) recorded at the same time by the 200, 500, and 650 m
channel, we find the best fitting curve so we can estimate the value of ET and Vr. It is
important to point out that regardless of the starting value given to ET and Vr at the
beginning of each iteration, the ET and Vr solutions were always the same. The final
result, shown as a brown dashed line in Figure 4.11, is the average of the fitting curve
obtained from each of the 22 runs. The green diamond points denote the measure RMS
data from each channel length. From the iteration, we obtained the average of ET =
3× 10−7 V m−1 and Vr = 0.4× 10−4 V. For 200 m, 500 m, and 650 m channel length,
ET (t) is 1.5, 4, and 5 times greater than Vr(t)/∆xr, respectively. It follows that ET (t)








































Mean of the nonlinear curve−fitting in least−square sense
Mean RMS value
Figure 4.11: Towed CSEM system: average RMS amplitude as a function of channel length.
The red dashed curve is the mean of the non-linear curve fitting in the least squares sense.
The Pearson residual is calculated to evaluate the relevance of the model (the brown
dashed curve line) for each data and how well it fits the data. The Pearson residual is
useful at detecting the measured RMS values that differs substantially from others —
these points are called outliers. Identifying these outliers are very important because
they may distort the model, resulting in an inappropriate model (Chen and Liu, 1993).
Following Dunn and Smyth (1996), the Pearson residual for each jth mean RMS value
is given by:








where ∆E(∆xr)j is the residual, En(∆xr)j
measured the measured RMS number at each
channel length, and En(∆xr)j
values the estimate RMS number at each channel length.
Chen and Liu (1993) and Ryan (1997) pointed out that any residual points exceeding
3 standard deviation should be considered as outliers.
Figure 4.12 shows the Pearson residual plot obtained from Figure 4.11. The red cross
denotes residual points at each channel length calculated using equation (4.14), the
small dashed line passing through 0 is the mean, and the blue long dashed line denotes
± 3 standard deviation cut-off. The outliers are encircled.
























































Mean of the residual
+/− 3 Standard deviation
   Outliers
Figure 4.12: Towed CSEM system: Residual plot from Figure 4.11 Notice that most of the
residual points are around 0 and well within ± 2 standard deviation for all channels.
However, they are 3 outliers in the 200 m channel length.
In Figure 4.12, most the residual points are scattered around 0 and within ±2 standard
deviation, although they are 03 outliers in the 200 m channel lengths. This means that
the model fits well the data when the channels are 500 and 650 m long and could be
improved for 200 m channel lengths. However, removing the outliers and running the
iteration again did not considerably change the result (estimation of ET and Vr/∆xr)
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and the fit. This suggests that the model is acceptable.
Spectral analysis
It is important to remember that the noise recorded at each receiver is the total
noise, En(t), which is the contribution of the three sources of noise: Ei(t), ET (t), and
Vr(t)/∆xr expressed in equation (3.4) as:




To be consistent with the noise model in the time domain, the Fourier Transform of










e−2πiftdt . [V m−1 Hz−1]
(4.15)
From equation (4.15), the PSD is defined as:
| Ên(f) |2 = Ên(f)Ên
∗(f) . [V2m−2Hz−1] (4.16)























































Assuming that Ei(t), ET (t), and Vr(t) are three independent physical processes, we
may suppose that they are uncorrelated stochastic processes. Then
E[ET (t)Ei(t+ τ)] = 0 . (4.18)
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Where E is the expected value of the cross-correlation. Thus, on average, their cross-
correlations have an expected value of zero:
∞∫
−∞
ET (t)Ei(t+ τ)dt = 0 . (4.19)
As a result, the expected values of the cross terms in equation (4.17) are all zero:
Êi(f)ÊT
∗(f) = 0 . (4.20)





= 0 , (4.21)
ÊT (f)Êi













∗(f) = 0 . (4.25)
Therefore substituting equations (4.20) to (4.25) in equation (4.17), we obtain
| Ên(f) |2 ≈ Êi(f)Êi









To demonstrate that equation (4.26) holds, towed streamer CSEM noise data collected
by the same channel during three independent runs over a period of 120 s were used.
These runs included “Pre-noise 6”, “Post-noise 6”, and “Pre-noise 7”. Figure 4.13 shows
these data in the time domain. In the time domain, let Pre-noise 6, Post-noise 6, and
Pre-noise 7 be expressed as a(t), b(t), and c(t), respectively. Let’s also assume that
x(t) = a(t) + b(t) + c(t). In the frequency domain, a(t), b(t), c(t), and x(t) become
Â(f), B̂(f), Ĉ(f), and X̂(f), respectively.
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Pre−noise 6 − Channel 2 (200 m)
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Post−noise 6 − Channel 2 (200 m)






























) (c) − c(t)
 
 
Pre−noise 7 − Channel 2 (200 m)
Figure 4.13: Towed streamer CSEM time domain. (a) Pre-noise 6, Channel 2. (b) Post-noise
6, Channel 2. (c) Pre-noise 7, Channel 2.
In the frequency domain, Figure 4.14(a) shows the PSD in decibel of the data display
in Figure 4.13. From Figure 4.14(b), one can observe that displayed
| X̂(f) |2≈| Â(f) |2 + | B̂(f) |2 + | Ĉ(f) |2 . (4.27)
This shows that equation (4.26) holds given only if Ei(t), ET (t), and Vr(t)/∆xr are
uncorrelated stochastic process.































































































| AAfC |2 + | BAfC |2 + | CAfC |2
| XAfC|2
Figure 4.14: Towed streamer CSEM frequency domain. (a) PSD of data displayed in Fig-
ure 4.13. (b) PSD of | Â(f) |2 + | B̂(f) |2 + | Ĉ(f) |2 (in red) and | X̂(f) |2.
Multiplying equation (4.26) by the square of the channel length ∆x2r gives the expression
for | Ên(f) |2 in volts squared per hertz
∆x2r | Ên(f) |2≈ ∆x2r(| Êi(f) |2 + | ÊT (f) |2)+ | V̂r(f) |2 . [V2Hz−1] (4.28)
Figures 4.15(a) and (b) show an example of ∆x2r | Ên(f) |2 and | Ên(f) |2 for three
different channel lengths, respectively. These PSD were computed using the data dis-
played in Figure 4.13. In general, the noise power decreases as the frequency increases.
The following observation can be made:
• At frequencies above 3 Hz, in Figure 4.15(a), the PSD increases as the channel
length increases. However, in Figure 4.15(b), the 200 m, 500 m and 650 m channels
converge. This shows that MT noise, highlighted in equations (4.26) and (4.28)
by the term | Êi(f) |, is the dominant source of noise. In addition, the noticeable












































































































Towed streamer CSEM − Ch1 (200 m)
Towed streamer CSEM − Ch15 (500 m)
Towed streamer CSEM − Ch22 (650 m)
Towed streamer CSEM − Ch1 (200 m)
Towed streamer CSEM − Ch15 (500 m)
Towed streamer CSEM − Ch22 (650 m)
Figure 4.15: (a) Towed streamer CSEM PSD in dB relative to 1 V2Hz−1 of the data shown
in Figure 4.9(a). (b) PSD in dB relative to 1 V2m−2Hz−1.
peak visible on all the channels near 7.83 Hz corresponds to the first Schumann
resonance. A similar peak was observed in the OBC CSEM noise amplitude as
shown in Figure 4.8.
• At frequencies 1–3 Hz, in Figure 4.15(a), the noise level is the same for all channels
up to 2 Hz. In the bandwidth 2–3 Hz, the noise level is proportional to the channel
length. However, scaling by the receiver length as displayed in Figure 4.15(b), the
500 m channel amplitude is similar to the 650 m channels but the 200 m channels
lengths noise level is 5–10 dB above the other two.
• At frequencies 0.3–1 Hz, in Figure 4.15(a), the noise level is the same for all the
channels. However, scaling with the channel length as shown in Figure 4.15(b),
the noise level becomes higher for shorter channel lengths, with the 200 m being
10–15 dB higher than the 500 m and 650 m channels. The similar power of the 500
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m and 650 m could be explained by the self-cancelling process of the motionally-
induced noise for channel lengths equal to or greater than 500 m as explained in
the time domain analysis subsection (page 88, paragraph 4). Therefore, the term
| ÊT (f) | in equations (4.26) and (4.28), is the dominant component of noise,
although MT noise | Êi(f) | is still present within this frequency range.
• Below 0.3 Hz in Figure 4.15(b), the noise level is inversely proportional to the
channel length. This means that noise originating from the electrodes and amp-
lifiers, highlighted in equations (4.26) and (4.28) by term | V̂r(f) |, is one of the
dominant source of noise. The prominent peak centered at 0.07 Hz in Figure 4.15
observed in all channels is noise likely due to the direct effect of ocean swell on
the streamer as similar peak was observed in conventional marine CSEM noise
data acquired in 109 m of water (Connell and Key, 2012). The peak at about 0.2
Hz is likely attributed the indirect effect of ocean swell on the vessel. Ocean swell
causes motions of the vessel that are transferred down to the streamer through
the lead-in cable. Simultaneous measurements made over receivers of different
lengths, as displayed in Figure 4.15, show that frequencies of peaks are constant
but amplitude decreases as the receiver length increases. The same observation
was made on other runs.
Figure 4.16 was obtained by picking prominent peak powers and frequencies re-
corded over the 22 noise measurements for a 200 m receiver length. The peak
frequency at 0.07 Hz is sometime negligible, but the peak at about 0.2 Hz is
always present on data from all runs. In general the two peaks are present in the
PSD as displayed in Figure 4.15. One can observe that during the survey, peak
frequencies are almost constant but power varies. This suggests that the direct or
indirect effect of ocean swell on the streamer streamer affects low frequencies, and
impacts each recording at varying powers. This also means that the wave height
varied considerably during the entire survey. Therefore, measuring the swell amp-
litude prior to acquisition, and choosing the survey frequencies above this level as
suggested by Mittet and Morten (2012) cannot be efficient because of swell noise
variability in power.






















































Prominent peak at 0.07 Hz
Prominent peak at 0.2 Hz
Figure 4.16: Prominent peaks powers as a function of frequency. The color of the markers
denotes the peak obtained from different runs.
Coherence analysis
The purpose of coherence analysis is, first, to investigate the similarity in electric field
noise between non-overlapping channels and overlapping channels, and second, to refine
further the Frequency Domain Analysis section.
Figure 4.17 was obtained by calculating the coherence between the electric field noise
recorded by Channel 4 and the non-overlapping channels (Figure 4.17(a)), and the
coherence between Channel 4 and the overlapping channels (Figure 4.17(b)). Channel
4 (200 m) and Channel 15 (500 m) share the same mid-point. Similar figures were also
obtained at other channels.
From Figure 4.17, four frequency ranges of interest are observed and marked: Range 1
(0.03–0.1 Hz), Range 2 (0.1–0.3 Hz), Range 3 (0.3–2 Hz) and Range 4 (2–60 Hz).
• Range 1 (0.03–0.1 Hz): the correlation coefficient, between Channel 4 and the non-
overlapping channels (Figure 4.17(a)), and between Channel 4 and the overlapping
channels (Figure 4.17(b)), is on average below 0.15 and shows a similar pattern.
However, when the coherence is computed between Channel 4 and Channel 15
(see purple broken line in Figure 4.17(b)), the correlation coefficient is 0.8 at 0.03
Hz, drops to about 0.2 at 0.07 Hz, and starts to increase at 0.1 Hz.








































































Range 1 Range 2 Range 3 Range 4 (Dominated by MT noise)
(a)
(b)
Figure 4.17: (a) Coherence between Channel 4 with non-overlapping channels. (b) Coher-
ence between Channel 4 and overlapping channels (dashed lines). The purple broken line
represents the coherence between Channel 4 and Channel 15.
• Range 2 (0.1–0.3 Hz): the correlation coefficient progressively increases and reaches
its peak at around 0.2 Hz, where it is approximately 0.8. The same pattern is ob-
served when the coherence is calculated between Channel 4 and Channel 15, but
with the correlation coefficient peaking at approximately 0.95 at about 0.2 Hz.
The prominent peak observed at about 0.2 Hz is probably related to the peak
observed in the amplitude spectrum displayed in Figure 4.15. This peak is likely
associated with the motion of the streamer vibrating with a period of about 5 s.
• Range 3 (0.3–2 Hz): the correlation coefficient between Channel 4 with most of the
channels is as described in Range 1. However, the correlation coefficient between
Channel 4 and Channel 15 is even higher, approximately 0.7.
• Range 4 (2–60 Hz): the correlation coefficient between Channel 4 with most of
the channels is similar and gradually increases until about 7 Hz, although the
correlation coefficient between Channel 4 and Channel 15 is still above the others.
Above 7 Hz, the correlation coefficient between Channel 4 and all the channels
(Channel 15 included) converge and is constant with an average of 0.9. This
frequency range is dominated by MT noise.
These observations suggest that within the Range 1 and Range 3 frequency ranges of
interest, the electric field noise recorded by the non-overlapping and the overlapping
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channels is uncorrelated. However, the electric field noise of channels sharing the same
mid-point is well correlated. This suggests that channels sharing the same mid-point
are affected by the same noise. Within the Range 2 frequency range, the noise is very
well correlated at about 0.2 Hz.
In the following, the spatial coherence of the electric field noise between Channel 4
and the non-overlapping channels (Figure 4.18), and Channel 4 and the overlapping
channels (Figure 4.19), at typical frequencies chosen within the defined four ranges
(0.05, 0.2, 1 and 10 Hz, respectively) is presented in more detail. The same analysis is
done for Channel 15 and the overlapping channels (Figure 4.20).
In Figure 4.18, Figure 4.19, and Figure 4.20, the vertical axis represents the magnitude
of the correlation coefficient obtained by computing the coherence between channels.
The horizontal axis denotes the channel number that is used to compute the coherence
with Channel 4 or Channel 15. For example, in Figure 4.18, “Ch2” means that the
coherence is computed between Channel 4 and Channel 2. In Figure 4.19, “Ch14” means
that the coherence is calculated between Channel 4 and Channel 14. In Figure 4.20,
“Ch14” means that the coherence is calculated between Channel 15 and Channel 14.
Figures 4.18(a) and (c) show that the correlation coefficient between Channel 4 and
Channel 3 (left), and Channel 4 and Channel 5 (right) is very low (≈ 0.05) at 0.05 and 1
Hz. As the separation between channels increases, the correlation coefficient gradually
shrinks. However, at 0.2 Hz, see Figure 4.18(b), the correlation coefficient is high (≈
0.8) and the same for all channels. At 10 Hz, as shown in Figure 4.18(d), the correlation
is high (≈ 1) and constant over all channels.
Figures 4.19(a) and (b) show that the correlation coefficient between the channels
sharing the same mid-point (Channel 4 and Channel 15: “Ch15”) is about 8 times
greater than the correlation coefficient between Channel 4 and Channel 13 (“Ch13”),
and Channel 4 and Channel 16 (“Ch16”), respectively. The same feature is observed
in Figure 4.19(c). Again the correlation coefficient decreases as the distance increases.
Figures 4.19(c) and (d) display the same feature as described in Figures 4.18(a) and
(b).
Figure 4.20 was produced by calculating the coherence between Channel 15 and the
other overlapping channels without a common mid-point. The overlap distance between
Channel 15 and the other channels is displayed in Table 4.3.
Figures 4.20(a) and (c) show that the correlation coefficient between Channel 15 with
the channels that have an overlapping distance of 300 m is about 5 times greater than
the correlation coefficient between Channel 15 and the channels that have an overlap
distance of 100 m. The correlation coefficient substantially decreases as the overlapping
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Channel number Overlapping length (m)
Channel 15 - Channel 13 (“Ch13”) 100
Channel 15 - Channel 14 (“Ch14”) 300
Channel 15 - Channel 16 (“Ch16”) 300
Channel 15 - Channel 17 (“Ch17”) 100
Channel 15 - Channel 20 (“Ch20”) 0
Channel 15 - Channel 21 (“Ch21”) 0
Channel 15 - Channel 22 (“Ch22”) 0
Table 4.3: Overlapping length between Channel 15 and the overlapping channels without a
common mid-point.
decreases. Therefore, within the frequency bands 0.03–0.1 Hz and 0.3–2 Hz, the correla-
tion coefficient is a function of the overlap length between channels. In Figure 4.20(b),
however, the correlation coefficient is closed to 1 for the coherence between Channel
15 and Channel 4, and slightly decreases to be 0.95 and 0.9 as the overlapping length
decreases from 300 m to 100 m, respectively. Thus, the decrease of the correlation
coefficient as the overlapping length between channels decreases ( Figures 4.20(a) and
(c)), has no effect at 0.2 Hz. Figure 4.20(d) displays the same feature as described in
Figure 4.18(d) and Figure 4.19(d).
From the analysis made in Figures 4.18(a) and (b), and Figures 4.20(a) and (b), one
can deduce that the non-overlapping channels have lower levels of correlated noise com-
pared with the overlapping channels. For example, at 0.05 Hz the correlation coefficient
between Channel 4 and the non-overlapping channels (Figure 4.18), Channel 3 (left),
and Channel 5 (right), is 30 times less than the correlation coefficient between Chan-
nel 15 and the overlapping channels (Figure 4.20), Channel 14 (left), and Channel 15
(right).
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Figure 4.18: Coherence between Channel 4 and the non-overlapping channels. (a) At 0.05 Hz.
(b) At 0.2 Hz. (c) At 1 Hz. (d) At 10 Hz.




































































































Figure 4.19: Coherence of Channel 4 and overlapping channels. Channel 4 and Channel 15
share the same mid-point. (a) At 0.05 Hz. (b) At 0.2 Hz. (c) At 1 Hz. (d) At 10 Hz.




































































































Figure 4.20: Coherence of Channel 15 and the overlapping channels. (a) At 0.05 Hz. (b) At
0.2 Hz. (c) At 1 Hz. (d) At 10 Hz.
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In summary, below 1 Hz, the correlation coefficient is higher for channels sharing the
same mid-point (Figure 4.19) than for non-overlapping (Figure 4.18) or overlapping
(Figure 4.20) channels without a common mid-point. At the 0.03–0.1 Hz and 0.3–2 Hz
frequency ranges, the correlation coefficient decreases with increasing distance separ-
ating individual channels. At 0.2 Hz, however, the noise is well correlated and does
not depend on the distance separating individual channels. MT noise, represented by
| Êi(f) | in equation (4.26), is correlated across all channels. However, within the fre-
quency range of interest, the recorded noise is mostly uncorrelated. Therefore, MT noise
can not be the major source of noise.
The electrode noise represented by | V̂r(f)/∆xr | in equation (4.26), is expected to
be uncorrelated across all channels, and to decrease as the receiver length increases.
However, as shown in Figure 4.15(b), the amplitude of the noise is almost the same
in the frequency range 1–0.2 Hz. Therefore, | V̂r(f)/∆xr | cannot explain the poor
correlation coefficient (6 0.15) between a non-overlapping or overlapping channel and
its neighbouring channels, and the good correlation observed at about 0.2 Hz.
At about 0.2 Hz, the noise is very well correlated across all channels compared to the
uncorrelated noise (Figure 4.15). This suggests that noise due to the motion of the
telluric cable, represented by | ÊT (f) | in equation (4.26), is the major source of noise.
The high correlation between the channels sharing the same mid-point suggests that
as the streamer moves, these channels experience the same type of motion.
Discussion
It is challenging to separate the contribution from various sources of noise in data
collected with a towed streamer. Several distinct sources contribute to the overall noise
picture: magnetotelluric noise, electrode noise, and motionally-induced noise. The last
of these is suggested to be the largest part of the noise (Constable, 2013; Burrows,
1974, 1972). The analysis undertaken in this chapter and displayed in Figures 4.10,
4.15 and 4.17 gives an indication of what is happening in the case of a towed streamer
CSEM. It appears that within the frequency range of interest, the noise is uncorrelated
in the 0.03–0.1 Hz and 0.3–2 Hz frequency bands, and very well correlated at 0.2 Hz.
Therefore, two mechanisms probably can cause the motionally-induced noise: ocean
swell and the pressure fluctuations within the turbulent boundary layer (TBL) around
the streamer.
During a survey, the streamer is towed behind a vessel by a lead-in cable. The vessel
constantly experiences a linear vertical motion (up/down) due to the sinusoidal move-
ment of a wave. Swell also can suddenly push the vessel sideways or break violently
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into the vessel. The motion of the vessel creates both an extreme pulling and drag force
on the lead-in cable which are subsequently transferred to the streamer. This generates
various motions of the telluric cable inside the streamer. This mechanism is responsible
for the correlated noise observed at 0.2 Hz as shown in Figure 4.4 and Figure 4.17.
My overall results suggest that this is likely the dominant mechanism that generates
motionally-induced noise.
Ocean swell may also have a direct effect on the streamer by inducing vertical motion of
the streamer (Elboth et al., 2010b) and causes the two end points of the telluric cable
connecting each channel to vibrate in a similar manner. This is further investigated in
Chapter 7, where the direct effect of swell on the motion of the streamer is simulated
in a controlled environment of the FloWave tank.
Based on experiments conducted in a laboratory environment, Keith et al. (2005) and
Furey (2005) show that seismic streamers are surrounded by a TBL that grows from a
few millimetres near the front to likely several decimetres near the tail. Elboth et al.
(2010a) carried out an experiment in a Norwegian fjord to seek insight into the complex
TBL that surrounds commercial seismic streamers in the ocean. Elboth et al. (2010a)
were able to visualise the TBL based on a dye release along the streamer. A snapshot
of the TBL is shown in Figure 4.21. Similar TBL is likely observed around the towed
streamer CSEM. Based on experiments carried out on a 31 m and a 300 m submarine-
towed Extremely Low Frequency (ELF) antennas, Burrows (1972, 1974) concluded that
the pressure fluctuations in the TBL surrounding the ELF antenna cable cause it to
vibrate in the Earth’s magnetic field. This vibration causes a temporal variation of the
angle between the Earth’s magnetic field vector and the local center of the cable. Thus
a voltage is induced according to Faraday’s law of induction. This is investigated in
Chapter 5. These pressure fluctuations are essentially uncorrelated from point to point
along the cable, and so do not predispose the cable to vibrate at a specific wavelength
(Burrows, 1974). This mechanism could explain the uncorrelated noise observed within
the 0.03–0.1 Hz and 0.3–2 Hz frequency ranges shown in Figure 4.17.







Figure 4.21: Snapshot showing a developed turbulent boundary layer (coloured dye) surround-
ing a 5 cm thick seismic streamer cable in the ocean. (a) Cross-section view visualized
by a single hole dye release. (b) 3-D view by a multi-hole dye release. These two pictures
were taken in Elboth et al. (2010a).
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Summary
This chapter describes the noise recorded in 100 m water depths with an OBC and
the PGS’ prototype towed CSEM streamer. By comparing the recorded noise from the
two methods within the frequency range of interest, 0.03–1 Hz, it is found that the
towing noise is on average 20 dB greater than the noise recorded with the OBC system
for 200 m channels lengths. I show also that within this frequency range, motionally-
induce noise amplitude decreases with the increase of the channel length; with the noise
level in the 500 and 650 m channel length being about 5–15 dB lower than the 200 m
channel length. In addition, I show that motionally-induce noise is uncorrelated within
the 0.03–0.1 Hz and 0.3–2 Hz frequency bands. I suspect that the pressure fluctuations
within the turbulent boundary layer surrounding the streamer, that cause it to vibrate
within the Earth’s magnetic field, is responsible for this uncorrelated noise. At 0.2 Hz
the noise is very well correlated. This high correlation is likely due to motions the vessel
that are transferred to the streamer through the lead-in cable. This causes the telluric
cable to vibrate at the same frequency. This is the most important mechanism that
generates motionally-induce noise. In the OBC system, however, the noise is correlated
across all channels in the 0.03–1 Hz frequency range. This noise is mainly due to MT
fields.
The decrease in noise level as the channel length increases in the towed system, suggests
that one way to reduce the motionally-induced noise could be to increase the channel
length. Another way to reduce the vibration of the streamer due to ocean swell is to
tow the streamer deeper and to increase the tension of the streamer.
5
Motionally-induced Noise
Mechanisms in the Towed Streamer
CSEM
Imagination is more important than knowledge. Knowledge is limited.
Imagination encircles the world.
Albert Einstein
Physicist (1879-1955)
I examine the idea that towed streamer CSEM suffers from motionally-induced noise
according to Faraday’s law of induction. The theory is set out in detail to illustrate
the cases of a horizontal and curved streamer in a constant and time-varying magnetic
field, moving in water. The effect of cross-currents and ocean swell on the amplitude
of the motionally-induced noise is also investigated. It is shown that no motionally-
induced noise is generated when the streamer is straight in a constant magnetic field.
By contrast, when the streamer shape is curved because of a cross-current, motionally-
induced noise is generated if the velocity of the streamer varies over time. I derive
an expression for motionally-induced noise which demonstrates that the motionally-
induced noise is sensitive to the magnitude of the feather angle at the head and at the
tail of the streamer and to the vertical and lateral motion of the streamer.
I presented part of this chapter during the EAGE meeting in 2014 under the title: Estimation of
Induction noise in a towed EM streamer in Djanni et al. (2014).
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5.1 Theory of motionally-induced noise: Faraday’s law of
induction
We consider a right-handed Cartesian coordinate system with ax, ay and az as unit
vectors in the X, Y, and Z directions, respectively. For our problem, two electrodes
are connected by a cable in the presence of a spatially uniform magnetic field B(t), as
shown in Figure 5.1. The Earth’s magnetic field does not vary spatially over the area S
bounded by the loop of the cable, although it does vary with time. If the cable between
the electrodes is not fully stretched, the straight line between the electrodes and the
cable creates an electric loop C with an area S (Filloux, 1973).









Figure 5.1: Electric loop created by the cable connected to the electrodes and the straight line
between the electrodes (after, Filloux (1973)). B is pointing upwards (black crosses) and
the normal to the surface n is pointing upward. The hatched area is the surface S.




B · dS . [T m2] (5.1)
The magnetic field B can be written as:
B = axBx + ayBy + azBz , (5.2)
where Bx and By are the horizontal components of B. Bz is the upwards component
of B.
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The electromotive force (emf) or induced voltage, V, around the loop is generated
when the magnetic flux (in equation (5.1)), linking the loop, changes over time. This







B · dS [V] (5.3)
Consider an electrode pair with contour C and area S that moves from C1 at time t to


















Figure 5.2: A moving electrode pair in a time-varying magnetic field. Modified from Cheng
(1989).
Equation (5.4) through equation (5.13) are defined following Cheng (1989). Rewritten




















B(t+ ∆t) in equation (5.4) can be expanded as a Taylor’s series:
B(t+ ∆t) = B(t) + ∂B(t)
∂t
∆t+ H.O.T. , (5.5)
where the higher order terms (H.O.T) contain the second and higher powers of (∆t).
Substitution of equation (5.5) into equation (5.4) yields
















B · dS2 −
∫
S1




where B(t) has been written B for simplicity. In going from C1 to C2 the electrode pair
covers a region that is bounded by S1, S2, and S3. Side surface S3 is the area swept
out by the contour in time ∆t. An element of the side surface is
dS3 = dl× v ∆t . (5.7)
The differential length change dl and the velocity v in an arbitrary direction can be
written as the vector sum of the component length- and velocity changes, respectively:
dl = axdlx + aydly + azdlz , (5.8)
v = axvx + ayvy + azvz , (5.9)
where dlx, dly are the horizontal components of dl and dlz is the vertical component of
dl. The scalar vx, vy are the horizontal components of v and vz is the vertical component
of v.






B · dS2 −
∫
S1
B · dS1 +
∫
S3
B · dS3 , (5.10)
where a negative sign is included in the term involving dS1, because outward normals
must be used in the divergence theorem. Using equation (5.7) in equation (5.10) and
noting Maxwell’s equation that ∇ · B = 0 because magnetic monopoles do not exist,
we have∫
S2
B · dS2 −
∫
S1
B · dS1 = −∆t
∫
C
(v×B) · dl . (5.11)













(v×B) · dl . (5.12)
Substituting equation (5.12) into equation (5.3), we obtain the equation that constitutes
the general form of Faraday’s law for a moving system in a time-varying magnetic










(v×B) · dl . [V] (5.13)
In equation (5.13), the first term on the right-hand side is the emf induced voltage in
a stationary loop due to the time variation of B through the surface; and the second
term is the flux cutting emf or the motional emf due to the motion of the electrodes in
B.
From Equation 5.13 it can be seen that an emf voltage at each pair of electrodes can
be generated in four ways:
(1) A change in the magnetic field strength (∂B/∂t) over the surface S as shown in
Figure 5.3;






Figure 5.3: An electric field is induced by increasing the magnetic field amplitude over time.
The bold circles indicate an increase in the magnitude of the geomagnetic field compared
with Figure 5.1.
(2) Variation of the surface area S enclosed by the loop with time as illustrated in
Figure 5.4.















Figure 5.4: An electric field is induced by the variation of the surface S over time. The arrow
moving from the position x(l1) to the position x(l2) shows how a change of the a position
can change the surface area.
(3) Variation of the angle (∂α/∂t) between the magnetic field and the area vector
with time, as shown in Figure 5.5.
n
n
Figure 5.5: An electric field is induced by the variation the angle α (The angle between n and
B) over time.
(4) Velocity’s variation of the moving conductor as shown in Figure 5.2.
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Stationary streamer in a constant geomagnetic field
When the streamer is stationary in a geomagnetic field assumed to be constant, the tel-
luric cable is straight and the sea is calm, the parameters in equation (5.13) become:
S = 0 ,v = 0 , ∂B
∂t
= 0 . (5.14)
This implies that
V = 0 . (5.15)
Therefore, if nothing changes, the induced emf is zero.
Stationary streamer in a time-varying geomagnetic field
There are fluctuations which occur in the geomagnetic field. The total magnetic field
is approximately 50,000 nT and the disturbance may be as much as 100 nT during
magnetic storms and only 1 nT on magnetic quiet day (Longuet-Higgins et al., 1954).






· dS . [V] (5.16)
From equation (5.16), it is clear that when the electrodes are stationary, the induced
voltage between them is due to a variation of the magnetic field with time through the
surface S. Therefore, this voltage is induced only if S 6= 0
Moving streamer in a constant magnetic field
When an electrode pair moves with a velocity v in a constant (non-time-varying) mag-
netic fieldB, the rate of change of the magnetic field (∂B/∂t) is equal to zero. Therefore,




(v×B) · dl . [V] (5.17)
For computational purposes, to find the motionally-induced voltage, the path may be
thought of as a series of short segments (dli) over each of which the component of
the vector v×B is constant or changing with respect to time as shown in Figure 5.6.
The incremental motionally-induced voltage (Vi) generated over each segment is the
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component of the vector v×B along the path of that segment times the segment length.
Thus,
Vi = (v(t)i ×B) · dli = (Fi(t)) · dli = Fi(t)dli cos(αi) , (5.18)
where Fi(t) is the voltage equal to vi ×B, αi is the angle between Fi(t) and dli, and
an approximation of the motionally-induced voltage along the entire path expressed








(vi ×B) · dli . (5.19)
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Figure 5.6: Component of V×B along a telluric cable between two electrodes.
Recalling equation (5.17), the cross product v×B can be expressed as:
v×B = ax(vyBz − vzBy) + ay(vzBx − vxBz) + az(vxBy − vyBx) . (5.20)




dlx(vyBz − vzBy) + dly(vzBx − vxBz) + dlz(vxBy − vyBx) . (5.21)
In the following, three mechanisms that can generate the motionally-induced field are
investigated.
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Case 1: no cross-current
We assume that the CSEM streamer (containing two electrodes la and lb) is towed by
a vessel at a nominal and constant speed of 4 knots as illustrated in Figure 5.7. So, the
direction of the vector lbla joining the electrodes may be expected to be the same as
that of the velocity v of the ship relative to the earth. This means that
dly = dlz = 0 . (5.22)




dlx(vyBz − vzBy) . (5.23)
We assume also that the velocity of the vessel, v, is the same as for the electrodes. The
vessel is towed inline with its velocity aligned with the x-axis. So,
vy = vz = 0 . (5.24)
Substituting equation (5.24) in equation (5.23), we obtain
V = 0 . [V] (5.25)
That is, when the streamer is towed behind a vessel along the vessel’s track, the elec-
trode pair cuts no magnetic flux. Therefore, no motionally-induced voltage is gener-
ated.
Case 2: with cross-current and ocean swell
A common problem in marine acquisition is ocean water currents that cause the
streamer to deviate from its desired track line to a curved shape (Krail and Brysk,
1989), as illustrated in Figure 5.8. The tangent line along the streamer curve and the
line of the vessel’s track is known as the feather angle (Krail and Brysk, 1989).
Following (Martin et al., 2000) who described the effect of ocean water currents on
seismic 2D seismic streamer, we can imply that sea water currents generate vibrations
that propagate down the EM streamer in a number of characteristic modes, amplitudes,
apparent velocities and frequencies, which are partly function of the stiffness of the
streamer and how the electrodes are de-coupled from various streamer vibrations.



































Figure 5.8: The streamer is shown as it sails in a cross-current. ds is a small element of the
streamer. θ(s0) and θ(sT ) are the feathering angles at the head of the streamer and at the
tail buoy, respectively. θ is a feathering angle at a position over the streamer. S(t) is the
surface area between the pair of electrodes receiver (hatched area).
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In this section, we derive an expression for the motionally-induced electric field for the
shape of the streamer curved by the action of drag forces from ocean water current and
balanced by the tension of the mooring.
For our problem, the feather angles at the head of the streamer and at the tail buoy are
denoted by θ(s0) and θ(sT ) respectively. This is shown in Figure 5.8. The feather angle
at any position along the streamer is denoted by θ(s). Let the velocity of the vessel be
vb and vc the velocity of the cross current. The resultant velocity vector v of the water
acting on the cable is the vector difference of the course of the vessel and the cross
current; that is v = vc − vb. Thus the vector v is equal to vxax + vyay + vzaz. This
may be estimated from accelerometers, gyroscopes, and magnetic compasses (Ronaess
and Lindqvist, 2010). Following Krail and Brysk (1989), the coordinates x and y of the
streamer are related to the feather angle θ and the arc length s by the relations:
dlx = ds cos(θ(s)) , (5.26)
dly = −ds sin(θ(s)) , (5.27)
provided that the magnitude of θ(s) never exceeds π/2 rad. This means that the
streamer does not double back. In addition, since the streamer curves away from the
x-axis, the magnitude of θ(s) increases down the streamer. The assumptions made in
deriving equations (5.26) and (5.27) hold for the following condition:
1) The streamer is in equilibrium; this means that all forces — tension and drag
forces — acting on the streamer are constant for a time sufficient to damp all
oscillations.
2) The cross-current velocity is constant - at the time that one shot is recorded.
3) The physical end points of the streamer coincide with the physical end points
where the tangent angle end points are measured.
4) The feather angle both at the head of the cable and at the tail buoy cannot be
equal to zero. The equation describing the shape of the streamer holds for only
small angles up to about π/2 rad.
However, these assumptions do not hold if, during a time sufficient for a shot, the
streamer tension is disturbed by sudden physical forces due to the change of sea state
or cross-current velocity, the vessel’s speed or when the vessel turns around at the end
of a line.
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To acknowledge the fact that the streamer shape is curved, and substituting equa-








(vyBz − vzBy) cos(θ(s))
ds
dθ




where s0 and sT are the arc lengths between a pair of electrodes at the head of the
cable and at the tail buoy, respectively. From Krail and Brysk (1989), the expression
that relates the arc length s to the feather angle at the head of the cable and at the






where θ(s), θ(sT ), and θ(s0) have been written θ, θT , and θ0 for simplicity, respectively.
L is the streamer length in metres. We differentiate equation (5.29) to obtain ds/dθ:
ds
dθ











D = Lcot(θ0)− cot(θT )
. (5.32)




(vyBz − vzBy) cos(θ)D
1
sin2(θ)









sin(θ) dθ − (vzBx − vxBz)D
1
sin(θ)dθ . (5.33)
Assuming that the velocity of the streamer (vx, vy, and vz) is constant over one shot,
then an integration of equation (5.33) can be performed analytically and yields:
V = −(vyBz − vzBy)D
1
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After evaluating equation (5.34), we find the expression for V:






















 . [V] (5.35)
Dividing equation (5.35) by the streamer length, we obtain the expression of the
motionally-induced electric field ET = V/L:











 , [V m−1] (5.36)
where
K = 1cot(θ0)− cot(θT )
. (5.37)
Equation (5.36) is the general expression of the motionally-induced field generated
along the tensioned streamer length when it sails through a constant cross current.
Equation (5.36) shows a relation between the streamer velocity v(vx, vy, and vz), the
geomagnetic field B(Bx, By, and Bz), and the feathering tangent angle at the head
(θ0) and the tail (θT ) of the streamer.
However, this expression is only valid both in a stable current zone and if the streamer
has an arc length shape as a result of the current. In case of strong variability of marine
currents in the area under investigation, Equation (5.36) could not be used because of
the oscillation of compass values (θ0 and θT ). Moreover, it can be seen that when the
streamer is parallel to the vessel’s course, in the case that vc is small enough to not cause
the deviation of the streamer, that is θT and θ0 are constant at zero, equation (5.36)
does not hold. Hence, equation (5.36) is valid only when θ0 6= θT .
Following the first-order term of the Taylor series, in case the tangent angles θ0 and θT
(in radians) are small (approaching zero), the following small-angle approximation can
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be made:
sin(θ0) ≈ θ0 , (5.38)
cos(θ0) ≈ 1−
θ20












sin(θT ) ≈ tan(θT ) ≈ θT , (5.42)
cos(θT ) ≈ 1−
θ2T











Substituting equations (5.38) to (5.41) and equations (5.42) to (5.45) in equation (5.36)
yields a simplify expression of ET . After some mathematical manipulations,





∣∣∣∣) . [V m−1] (5.46)
From equation (5.46), we can deduce that the expression of ET holds only for two
conditions:
• θT 6= θ0 ,
• θ0 6= 0 .
The model expressed equation (5.46) is a simplification of the motionally-induced field
caused solely by the motion of the streamer. Equation (5.46) only takes in consider-
ation the motionally-induced field due to motion of the streamer. However, for a real
streamer at sea, in addition of the streamer motion, the whole water volume around the
streamer moves as well and generates an additional motionally-induced field. Hence,
the amplitude of this motionally-induced field due to water motion is connected to the
size of the streamer. Reducing the streamer size could possibly reduce the amplitude of
this motionally-induced field and disconnect the motion of the streamer from the water
motion.
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∣∣∣∣) = 0 . (5.47)
After substitution of equation (5.47) into equation (5.46), we obtain an expression of
ET that relates the streamer velocity and geomagnetic field, eliminating the influence
of the feathering angles at the top and head of the streamer:
lim
θ0/T→0
ET = vyBz − vzBy . [V m−1] (5.48)











ET is undefined . (5.50)
The motionally-induced electric field can be calculated or estimated if the value of each
parameter in equation (5.36) is known. Motion sensors such as 3 components accelero-
meters dispose along the streamer measure the motion of the streamer in water in ax,
ay, and az direction. The streamer lateral (vx and vy) and vertical (vz) velocity could
be derived from the integration of the accelerometer data. Earth magnetic field com-
ponent (Bx, By, and Bz) could be measured at a fixed location by three-axis fluxgate
magnetometers.
If the streamer velocity does not change over time, from one shot to another, only a
direct current (DC) shift equation (5.36) will be generated. However, any change in the
velocity of the streamer induces a variation of the magnetic flux passing through the
electric conductive part of the streamer. As a consequence, a motionally-induced field
is generated between a pair of electrodes.
Discussion and Conclusion
Following Krail and Brysk (1989), I derived the general expression of the motionally-
induced electric field when the streamer has a curved shape caused by a constant
cross-current (equation (5.36)). From equation (5.36), it is clear that the magnitude
of the motionally-induced noise is a function of the amplitude of the earth magnetic
fields (Bx, By, and Bz), the velocity of the streamer (vx, vy, and vz) resulting from
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water acting on the cable, and the tangent angle at the head (θ0) and at the tail of the
cable (θT ). Hence, the obvious approach to estimate the motionally-induced electric
field passes by estimating all the three parameters. After the motionally-induced noise
has been estimated, the remain task is to correct the measured electric field data using
the estimated electric field.
To start with, the magnitude of the earth magnetic field is known and cannot be re-
duced. The velocity of the streamer and the feather angles in the 3 Cartesian coordinates
on the other hand depend on the streamer capability to resist external perturbations
such as cross-currents and ocean swell. Therefore the magnitude of ET may be reduced
in two ways. The first way could be to reduce the lateral (vx and vz) and vertical (vz)
motion of the streamer by the mean of robust streamer control vertical and horizontal
devices, by towing deeper or by having rigid telluric cable. The second way could be to
reduce the angle differences between the feathering angle at the head of the streamer
and at the tail buoy. This could be done by increasing the tension at the head of the
streamer and at the tail buoy. The expression of the motionally-induced noise [equa-
tion (5.48)] was obtained when the tangent angle θ0 and θT tends to zero at different
speed.
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Summary
I have explored the effect of Faraday’s law of induction on a towed electric streamer and
have derived expressions of the motionally-induced field in three scenarios. In the first
case, the streamer was assumed to be parallel to the vessel’s track line. The motionally-
induced noise was found to be zero. In the second case, when the streamer shape is
curved because of cross-currents, motionally-induced noise is generated if the velocity
of the streamer, and the feather angle at the head and at the head of the streamer vary
over time. Based on these expressions, I argued that the motionally-induced field could
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I describe a set of small-scale tests carried out using marine silver-silver chloride (Ag-
AgCl) electrodes that are used as sensing devices on a purpose-built prototype towed
controlled source electromagnetic (CSEM) streamer. I also report on an experiment car-
ried out to measure the motionally-induced noise in the prototype streamer suspended
in the Edinburgh FloWave tank, in which the streamer is subjected both to water flow
along its length and to waves propagating in the same direction, at 45◦ and 90◦ to the
streamer direction. To evaluate the efficiency of the new marine Ag-AgCl electrodes, I
compare first the background noise sensed by the new electrodes with noise sensed by
the land copper electrodes and a pair of commercially used marine Ag-AgCl electrodes.
Then I compare the background noise sensed by the new electrodes when submerged
in fresh and salt water, respectively. The key findings are that the new electrodes re-
corded the same background noise as the copper and the commercial electrodes. I also
show that the new electrodes work in fresh water as well as in salt water. Finally, I
describe the assembly process of the prototype streamer, the purpose of each wiring
configuration, and the tests carried out in the FloWave tank.
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6.1 Introduction
Analysing noise measured during a field trial in the sea with the marine towed con-
trolled source electromagnetic (CSEM) system in Chapter 4, I observed that the noise
is spatially correlated at high-frequency (> 10 Hz). However, within the frequency
range of interest, 0.01–0.2 Hz and 0.3–1 Hz the noise is uncorrelated and correlated at
about 0.2 Hz. Evidence of motionally-induced noise has been observed in the data, but
the mechanism generating it is unclear. In an effort to try to understand the mechan-
ism generating this noise, and to simulate real offshore condition, Dr. David Wright,
Prof. Anton Ziolkowski, and I planned the FloWave tank experiment. Prof. Anton Zi-
olkowski and Dr. David Wright raised the money for the equipment and for the use
of the FloWave tank. Dr. David Wright designed the prototype CSEM streamer. This
streamer was then suspended 1 m below fresh water in the Edinburgh FloWave tank,
where it was subjected to water flowing along its length and to wave motion of differ-
ent heights, frequencies, and travelling in different directions. These tests enable me to
characterise and quantify the motionally-induced electric field noise due to flow rates
around the electrodes (this will be referred to as flow noise) relative to the motionally-
induced electric field noise due to wave motion (this will be referred to as wave motion
noise). These tests also enable me to estimate the amplitude of the wave motion noise
and to compare it to the measured electric field noise.
This chapter has two parts. It starts with the description of small-scale tests I conduc-
ted prior to the FloWave tank experiment. For the purpose of the tests, Prof. Anton
Ziolkowski and Dr. David Wright bought new marine silver-silver chloride (Ag-AgCl)
electrodes. I investigated their capability to sense background noise. The manufactur-
ing specification states that the electrodes work in fresh water as well as in salt water.
The objectives of these tests were:
1) To check that the Ag-AgCl electrodes were able to sense electric field noise in
fresh water as well as in salt water. This is because the FloWave tank contains
fresh water.
2) To test the effect of a random perturbation of water around the electrodes. The
reason for carrying out this test is because one of the objectives of the FloWave
tank experiment was to quantify the contribution of flow and wave motion noise
around the prototype streamer.
3) To test the difference in amplitude between a pair of twisted and a non-twisted
pair electrode telluric cable. Figure 6.1 illustrates a non-twisted pair cable (top),
and a twisted pair cable (bottom). In fact, the electrode cables were twisted
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together only on the common return path, but an electrode of each pair was
submerged individually into a tank of water 0.3 m away from the other electrode,
and the associated telluric cable was connected to the amplifier. Twisted pair cable
is used in telecommunication to reduce magnetic interference noise (Vander-Hyde
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Figure 6.1: Non-twisted pair cable (top) and twisted pair cable (bottom). The electrode cables
were twisted together only on their common return path.
To obtain a twisted pair of electrode cables, two cables were attached at one
end. At the other end, I stripped the cables and carefully inserted them into the
center of a hand drill chuck. Once the chuck was closed around the copper wires,
I pulled the two cables out straight, and the twisting began when the drill started
to rotate.
4) To test that the data acquisition software, namely Labview, was effective. I wrote
the data acquisition codes from scratch. Without any experience in Labview, it
was very important to confirm that the codes work well.
The second part focuses on the description of the experimental tests carried out in the
FloWave tank. It also contains a description of the electrode wiring configurations and
their respective objectives and the methods that were used during this experiment.
6.2 Small scale tests
The small scale tests were performed in front of the car park facing the Grant Institute,
King’s Building (The University of Edinburgh), between August 2014 and January
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2015. The background noise consisted of the magnetotelluric and ionosphere field, the
man-made activity (omnipresent), and the power station supply.
Materials and methods
Silver-silver chloride electrodes
For the purpose of the FloWave tank tests, 28 non-polarizing marine Ag-AgCl electrodes
were bought from Castle Electrodes. Each electrode was housed in a white cylindrical
nylon barrel (80 mm long × 24 mm diameter) which has 2 small holes at the bottom to
allow electrical contact between the electrode and the electrolytic solution. A removable
cap at the bottom of the barrel minimises the electrolytic solution fouling whilst still
allowing the electrode to function. This design is referred here as the “dry electrode”.
To give meaningful readings, a pair of electrode is immersed in a solution that con-
tains soluble silver ions and chloride ions at various concentration. While this type of
electrode gives a correct potential difference when the surrounding solution is constant,
a change in hydrodynamic, chemistry, temperature, and salinity of the solution, will
change the potential of the electrodes (Corwin, 1973). However, during a towing pro-
cess through currents, a dry electrode pair may be subjected to change of temperature
due to upwelling, downwelling, and internal waves for example. Additionally, I observed
that when water flows in direct contact with the electrode surfaces, the reading was not
stable. According to Wang et al. (2014) and Corwin (1973), the flow of water passing at
the surface of an Ag-AgCl electrode may produce flow noise levels of several millivolts
due to disequilibrium in the electrochemical processes acting at the Ag-AgCl electrode.
Another disadvantage of this design is that the Ag-AgCl electrodes are not suitable for
rapid deployment. In fact, I noted that when the electrodes were placed in contact with
water for the first time, it took about 20 minutes for the reading of the field potential
to be stable. As a consequence, the dry electrodes are not suitable for commercial the
towed CSEM streamer.
To minimise the hydrodynamic effect of water, most of the manufacturers including
Castle electrodes housed the Ag-AgCl electrode inside a protective membrane. To chem-
ically and thermally isolate the electrodes from the sea and to make sure that chloride
ions are present at a sufficiently high concentration, electrodes used in commercial
marine EM applications are generally immersed in a solution of constant AgCl ions
with a known concentration. This solution leaks through a porous membrane to make
electrical contact with the surrounding ionic conductor. Moreover, as the electrode has
sufficient time to established an equilibrium with the electrolyte before being used,
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the problem of the initial unstable potential is not present here. Wang et al. (2014)
and Constable (2013) described with details the fabrication process of recent marine
Ag-AgCl electrode used in CSEM applications. This design is referred here as the “wet
electrode”.
For the small scale tests, the acquisition comprised five electrode pairs:
• 2 pairs of marine Ag-AgCl electrodes that had never used. To be tested.
• 1 pair of marine Ag-AgCl electrodes that have been commercially used in the
past (they are renamed “AgAgClcom” throughout).
• 2 pairs of land copper (Cu) electrodes.
The performance of the Ag-AgCl electrodes was evaluated relative to the performance
of the Cu, and the AgAgClcom electrodes. At the end of each experiment, the electrodes
were rinsed thoroughly with distilled water and stored in a dry area.
Amplifier, computer, and tanks
The amplifier specifications used during the tests are specified in Table 6.1. It is a
48-channel low noise amplifier system (NI USB-6289, from National Instrument) with
an 18-bit analogue-to-digital (ADC) resolution. The amplifier has an onboard lowpass
filter that rejects high-frequency noise above 750 kHz and prevents aliasing. The same















18 bits 625 KS/s 750 kHz
filter off
48 ±10V
Table 6.1: Amplifier: NI USB-6289 specifications.*Small signal bandwidth is the cut off fre-
quency of the onboard lowpass filter.
A laptop computer was used to displayed the measurements, and 8 plastic tanks of 25
litre each were used as water container.
Software
I programmed the code for data recording and analysis under Labview 2009 (short for
Laboratory Virtual Instrument Engineering Workbench, National Instrument).
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Experimental procedures
The experimental procedures were set up as shown in Figure 6.2. The electric field noise
measurements were made using electrodes (marine and land) placed in pairs, with 54
m spacing, and an electrical contact with fresh or salt water. In Figure 6.2, two pairs of
Ag-AgCl and four plastic tanks are shown. A receiver was formed by a pair of electrodes
submerged in water in two tanks separated by 54 m. The electrodes were connected
to an amplifier using insulated telluric cables stripped at the ends. The amplifier was
then connected to a computer through a USB cable. The entire circuit was powered
by a 12 V battery connected to a power inverter. When analysing the towed and OBC
CSEM data in Chapter 4, I observed that above 10 Hz, the noise was dominated by MT
noise. In addition, the fundamental frequency of mains power in the United Kingdom
(UK) is 50 Hz. Therefore, the background noise in these experiments was measured











































Figure 6.2: Noise measurement layout during the experiment. The analogue noise was sensed
at each electrode, then was transferred to the amplifier through the telluric cable where it
was digitized by an ADC before being stored/displayed on the computer.
Following Figure 6.2, the noise recording process could be summarised in three steps: (1)
the analogue noise was sensed at the each channel, and (2) transferred to the amplifier
through the telluric cable where it was digitized by an ADC. (3) The digital signal from
the amplifier was passed finally to the computer where it was stored, and displayed.
The experiments generally were carried out during non-windy day. This means that the
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electrode cables suspended in the air or laying on the ground were straight and did not
move during measurements. This situation is similar to when the commercial streamer
is straight and towed in a steady water with no cross currents is static. Keeping the
electrode cables straight is probably not too bad since acquisition will usually cease
under turbulent conditions that could cause a whiplash motion of the cable.
The experiments were divided into four parts. Each experiment consisted of a maximum
of 1-hour recording and was repeated many times; during the same day or the next
day.
1- Experiment 1. The aim of this experiment was to check that the Ag-AgCl
electrodes work well. The layout is shown in Figure 6.3. All the electrodes were
submerged in salt water. The materials used were two pairs of Ag-AgCl electrodes,
one pair of AgAgClcom electrodes, two pairs of Cu electrodes, and two plastic
tanks separated by 54 m, filled with salt water (3.25 S m−1). Electrodes of each
pair were installed in the corresponding tank so that the electric potential across
a 54 m dipole was measured.
Figure 6.3: Experiment 1 - Marine Ag-AgCl and land Cu electrodes submerged into salt water
2- Experiment 2. The aim of this experiment was to test the effects of water
salinity on the recorded background noise. The layout is shown in Figure 6.4.
Four pairs of Ag-AgCl electrodes and four plastic tanks were used in this case.
The electrodes were arranged in two parallel lines, with 54 m between each pair
and 0.3 m separated the lines. Then, two electrode pairs were submerged in plastic
tanks containing salt water, and two other pairs in fresh water (10 mS m−1). Noise
measurements were made simultaneously.
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Figure 6.4: Experiment 2 - Simultaneous noise measurement: Ag-AgCl electrodes submerged
into salt water (left) and into fresh water (right).
3- Experiment 3. The aim of this experiment was to investigate the effect on the
recorded background noise of water motion around the Ag-AgCl electrodes. Sim-
ilar layout as in Experiment 2 was implemented. In Chapter 5, it has been shown
that the motion of an electrical conductor in the earth’s magnetic result in in-
duced electric fields noise. Moreover, I observed that the electrodes were very
sensible to flow motion, even a small motion of the cable generated additional
electric fields noise. To minimise this noise, each electrode and cable in the tank
were taped to keep them static while water moved around the electrodes as shown
in Figure 6.5. As a result, the observed electric field measurements were solely due
to water motion rather than the movement of the electrodes or cable. Random
water turbulence was generated with a submersible water pump around the elec-
trodes in one tank as shown in Figure 6.5. The water was still in the other three
tanks, among them, two tanks were used as reference against which to compare
the noise generated by the water pump.
4- Experiment 4. The aim of this configuration was to investigate the effectiveness
of twisted pair cables to reduce the background noise compared with non-twisted
pair cables. The layout was similar to the one shown in Figure 6.2, but two
plastic tanks were added on each side of the layout. Figure 6.6 shows one side of
the layout. Two twisted pairs of Ag-AgCl electrodes and two pairs of non-twisted
Ag-AgCl electrodes were placed in different plastic tanks. For example, following
Figure 6.2, the common part of the telluric cable from the electrode submerged




Figure 6.5: Experiment 3 - Random water turbulence around the electrodes. The electrodes
were taped in a corner of the tank.The water pump is shown perturbing the water contained
in a tank.





Figure 6.6: Experiment 4 - Non-twisted cables pair (left), and twisted pair cables (right).
Results and analysis
The following analysis was carried out on electric field noise recorded from different
experiments enumerated in the “Experimental procedures” subsection. In processing,
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I divided the data into windows of 120 s each, and each window was multiplied by a
Hanning taper of the same length. This window size was the same as the one used for the
processing of the towed CSEM data. The mean was removed in each of these windows. I
used the result to calculate the discrete Fourier transform (DFT) and the power spectral
density (PSD) as shown in equations (0.3) and (0.5) in each window. To obtain the final
frequency spectra, I averaged the frequency spectra from each window.
Figures 6.7(a) and (b) respectively show the time domain and the corresponding PSD
obtained when the marine and land electrodes were submerged in salt water (see Ex-
periment 1, Figure 6.3). From Figure 6.7(a), one can observe that the new Ag-AgCl,
AgAgClcom, and the land Cu electrodes, are all fluctuating around −0.004–0.006 V m−1.
The amplitude spectrum displayed in Figure 6.7(b) shows that all the channels follow
the same path and have approximately the same amplitude within the frequency band
0.04–10 Hz. These observations show that that the new Ag-AgCl electrodes work. In
addition, the PSD is contaminated with coherent large spikes in all the channels at
about 0.55 Hz, 2.5 Hz, 3.5 Hz, and 4.5 Hz. The origin of these peaks is unknown.
136 6 | Experiment
(a)
(b)































































































Figure 6.7: Experiment 1 - (a) Time domain with overall sample mean removed. The window
in the upper right is a zoom of the first 10 seconds. (b) PSD of the background noise
measured by marine and land electrodes.
Figures 6.8(a) and (b) respectively display the time domain and the corresponding PSD
recorded when Ag-AgCl electrodes were placed in fresh water (green and orange) and
in salt water (blue and red) (see Experiment 2, Figure 6.4).
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Figure 6.8: Experiment 2 - (a) Time domain with overall sample mean removed. The window
in the upper right is a zoomed in of the first 10 seconds. (b) PSD of the background noise
measured by Ag-AgCl electrodes submerged in fresh water and in salt water.
Figures 6.8(a) and (b) show that the Ag-AgCl electrodes work well when submerged
in fresh water as well as in salt water. Figure 6.8(a) shows that the electric field noise
PSD recorded by the Ag-AgCl electrodes in salt water is higher than that recorded by
the electrodes in fresh water. Figure 6.8(b) shows that the spectra follow the same path
regardless the salinity of the solution over all the frequencies. Within these frequencies,
the spectra of the channels submerged in salt water is about 2 dB higher than the
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spectra of channels in fresh water. This difference was expected because of the elec-
trochemical reaction of salt ions on AgCl surface that generated additional noise. In
addition, Figure 6.8(b) is contaminated with coherent large spikes in all the channels
at about 0.55 Hz, 0.75 Hz, and 2 Hz.
Figures 6.9(a) and (b) respectively display the time domain and the corresponding
PSD spectra recorded when random water turbulence water was generated around the
electrodes (see Experiment 3, Figure 6.5.)
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Figure 6.9: Experiment 3 - (a) Time domain with overall sample mean removed. The window
in the upper right is a zoomed in of the first 10 seconds. (b) PSD of the background noise
measured in a stand still water (green) and when the water is randomly moving around the
electrodes (blue), respectively.
Figure 6.9(a) and (b) demonstrate that the Ag-AgCl electrodes are sensitive to the
motion of the water within the frequency bandwidth 0.3–0.04 Hz. This corresponds to
the frequency bandwidth of interest. Figure 6.9(b) shows that above 3 Hz the spectra
are almost the same between the two water states, whereas, within the frequency band
0.04–3 Hz, the PSD spectra gradually increased when water moved randomly around
an electrode. This increase is about 10 dB at 0.1 Hz. The coherent large spikes in all the
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channels at frequencies of about 0.8, 3.5, and 5.5 Hz may originate from frequencies
above 25 Hz (maximum frequency) and below 750 kHz (onboard lowpass filter cut off
frequency) which are aliased into lower frequencies. They were probably caused by
man-made activities or power line interferences.
Figures 6.10(a) and (b) respectively display the time series and amplitude spectrum
recorded by two non-twisted (red and blue) and twisted pairs (green and orange) of
Ag-AgCl electrode cables (see Experiment 3, Figure 6.5).
Figure 6.10(a) and (b) show that twisted pairs of Ag-AgCl cable (green and orange)
helps to reduce the contribution of the background noise in the common path of both
cables carrying analogue signal compared to the non-twisted pair (red and blue). From
Figure 6.10(b), the background noise of the twisted pair cable is shown to be about 5 dB
less in power than the amplitude of the non-twisted pair. Figure 6.10(b) is contaminated
with coherent large spikes observed in all the channels. For example, the first peak is
centered at 0.65 Hz, and the second at about 0.5 Hz, the third at about 0.7 Hz, and
the fourth at about 1 Hz. These peaks may originate from frequencies above 25 Hz and
below 750 kHz which are aliased into lower frequencies. They were probably caused by
man-made activities or power line interferences.
Conclusion
The objectives of these small-scale tests were achieved successfully. I showed that the
Ag-AgCl electrodes, the AgAgClcom electrodes, and the land Cu electrodes measured
similar background noise. I showed also that the Ag-AgCl electrodes work as well in
fresh water as they do in salt water. In addition, by generating random water turbulence
around the electrodes, I demonstrated that the electrodes were sensitive to the motion
of water. Finally, I showed that pair of electrode cables twisted on their common return
path reduced the background noise compared with the non-twisted pair of electrode
cables.





































































































Figure 6.10: Experiment 4 - (a) Time domain with overall sample mean removed. The window
in the upper right is a zoomed in of the first 10 s. (b) PSD of the background noise measured
by non-twisted pair and twisted-pair of Ag-AgCl electrodes, respectively.
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6.3 The FloWave tank experiment
Materials and methods
Tube
To build the prototype CSEM streamer, a 30 m long flexible PVC (84 mm in diameter)
incorporating a rigid PVC Spiral as an integral part of the PVC wall was used.
Connector boards
Dr. David Wright designed two connector boards of 24 insulated panel inputs each
with the purpose of allowing the wiring configuration to be changed in a few minutes.
These connector boards are shown in Figure 6.11. Each input was labelled with a
number corresponding to the position of an electrode along the prototype streamer.
Each telluric cable from the prototype streamer was connected to an individual input
in one board (namely “first connector board”), and each input from the other board
(namely “ second connector board”) was connected to the amplifier through electronic
wires. Finally, 24 flexible banana plug test leads connected to the inputs of the second
board enabled the wiring configuration to be changed quickly by changing the position






First connector boardSecond connector board
Amplifier and ADC converter
Banana plug test leads
Figure 6.11: Two boards of 24 insulated panel inputs each are connected by 24 banana plug
test leads. Telluric cables are shown connected to the first connector board, and the second
connector board is connected to the amplifier. Banana plug test leads interconnected the
two boards.
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Assembly phase of the prototype streamer
Once all these experiments were completed, the electrode cables were twisted in pairs
around one another. The assembly process is shown in Figure 6.12. Each twisted pair
(Figure 6.12(a)) was twisted around one another. Then, they were bound all together
with a tape to ease the insertion into the flexible PVC tube as illustrated in Fig-
ure 6.12(b). The flexible PVC tube containing the shielded Ag-AgCl electrode cables













Figure 6.12: Assembly phase of the prototype streamer. (a) Twisted pairs of Ag-AgCl elec-
trode cables on the floor. (b) Twisted pairs of Ag-AgCl electrode cables were twisted
all together and shielded with a tape. (c) Flexible PVC tube that contains the shielded
Ag-AgCl electrode cable displayed in (b).
The FloWave tank description
The tests were conducted in February 2015 in the world’s first circular tank that allows
the combination of waves and currents in any relative direction (Ingram et al., 2014).
The tank is 30 m in diameter, 3 m deep, filled with fresh water and capable of generating
flow rates of up to 1.5 m s−1. Waves of different frequencies and amplitudes can be
generated from any direction by 168 wave makers. These work both to generate waves
at one side and to absorb waves at the opposite side to prevent any reflection of wave
energy within the tank. Flow and wave motion can be generated simultaneously. The
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objective was to understand the behaviour of a CSEM streamer section under the
influence of flow and wave motion, and to quantify their effects on the measured electric
field.
Experimental setup
The 30 m long prototype EM streamer was instrumented over the central 16 m section
with 12 electric field channels (24 Ag-AgCl electrodes). The setup is shown in Fig-
ure 6.13. In addition, three channels were fixed 1 m below the water surface. An anchor
rope between the tank floor and the gantry was used to hold these electrodes in place.
The telluric cable for these electrodes ran along the gantry and not through the wa-
ter. So measurements made using these channels were not affected by any motionally-
induced noise which might affect receivers in the streamer section. Outside the test
area, the telluric cables were connected to the connector boards, and to a 24-channel




























cable return to DAQ
Figure 6.13: Configuration of the prototype CSEM streamer in the FloWave tank, showing
the fixed electrodes and reflector sticker for the motion-capture cameras. The dashed
rectangular section represents the 4 m section where the motion of streamer was recorded.
The flow is parallel to the streamer.
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A pre-stretched Dyneema rope inside the streamer supported much of the tension within
the streamer. The streamer was further anchored at each end by a three point anchor
between two points on the tank floor and the edge of the tank at ground level. This
held the streamer straight at a depth of 1 m. Figure 6.14 shows the streamer being




Figure 6.14: Photo of the prototype streamer (white cable) being deployed in the FloWave
tank. The Dyneema rope and the location of electrodes are indicated.
Three wiring configurations were used during the test:
1) Configuration 1 layout is shown in Figure 6.15. The purpose of this configuration
was to compare the noise level recorded by a single channel (Ch1) with the noise
recorded by multiple non-overlapping smaller channels with the same total length
as the length of the single channel. Thus, noise measurements made by Ch2 +
Ch3, Ch4+Ch5+Ch6+Ch7, and CH8+Ch9+Ch10+Ch11+Ch12+Ch13+Ch14
+Ch15 were compared with noise measurements made by Ch1.
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Figure 6.15: layout of the wiring configuration 1. (Top) Illustration of the prototype streamer.
The circle of different colors and numbers denote the electrodes and their position along
the streamer, respectively. (Bottom) The layout of the wiring configuration 1 (Not to
scale).
2) Configuration 2 layout is shown in Figure 6.16. All the channels extend from
the same central electrode (Ch13). There was an electrode at the centre (Ch13)
which was shared by all channels. Electrode separations ranged from 0–8 m for
the channels inside the streamer, and from 4–6 m for the fixed channels (Ch14-
15). The objective of this configuration was to estimate the correlation length of
the recorded flow and wave related noise. Doing this may help to estimate the
overlap length at which the noise is uncorrelated. This configuration may help to
isolate the noise related to the movement of the streamer to the one related to
the increase in flow rate and wave motion.
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Figure 6.16: layout of the wiring configuration 2. (Top) Illustration of the prototype streamer.
The round shape of different colors and numbers denote the electrodes and their position
along the streamer, respectively. (Bottom) layout of the wiring configuration 3 (Not to
scale).
3) Configuration 3 layout is shown in Figure 6.17. The aim of this configuration was
to isolate the noise on a single channel and estimate the noise level related to the
motion of streamer due to water flow rate and wave motion, respectively. There
was an electrode at the centre of the streamer which was shared by all channels.
Electrode separations ranged from 2–12 m, channels 13, 14, and 15 were fixed
electrode pairs with 2, 4, and 6 m electrode spacing, respectively.
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Ch14 (4 m) fixed channel
Ch15 (6 m)
Ch13 (2 m)
Figure 6.17: layout of the wiring configuration 3. (Top) Illustration of the prototype streamer.
The round shape of different colors and numbers denote the electrodes and their position
along the streamer, respectively. (Bottom) The Layout of the wiring configuration 5.
Channel 13, 14 and 15 are fixed channels. (Not to scale).
Table 6.2 shows the relationship between channel number and electrode spacing for
each wiring configuration.
Wiring configurations objectives - theory
The towed streamer CSEM data recorded during a survey contain signal and noise. In
general, the signal is correlated whereas the noise from neighbouring channels can either
be correlated or uncorrelated. One way to improve the signal-to-noise ratio (SNR) may
be to increase the number of channels (Elboth et al., 2010a):
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Channel Channel length in metres
Config. 1 Config. 2 Config. 5
Ch 1 16 0 2
Ch 2 8 0.25 1
Ch 3 8 0.5 1
Ch 4 4 1 4
Ch 5 4 2 2
Ch 6 4 2 2
Ch 7 4 4 8
Ch 8 4 4 4
Ch 9 2 6 4
Ch 10 2 6 12
Ch 11 2 8 6
Ch 12 2 8 6
Ch 13 2 8 2
Ch 14 2 4 4
Ch 15 2 6 6
Table 6.2: Relationship between channel number and electrode spacing in metres. The cells
with grey colour denote the fixed channels. Config. and Ch are the abbreviations of Config-
uration and Channel, respectively.
where S denotes the signal amplitude,N denotes the noise amplitude, and Nc represents
the number of channels. If the noise is mostly uncorrelated, then equation (6.1) holds.
However, if the noise is mainly correlated on neighbouring channels, equation (6.1)
does not hold. This last case is applied in the towed CSEM streamer. In Chapter 4 I
showed that the major source of noise in the towed CSEM streamer, namely motionally-
induced noise, is well correlated from one channel to another at about 0.2 Hz. This
noise is governed therefore by the distance between channels. Thus, there must be a
correlation distance at which the motionally-induced noise becomes uncorrelated from
channel to channel. For example, cross-correlating the recorded noise in Configuration
2 may help to determine the spatial extent of flow and swell noise, and one could
use this to determine an overlap distance between channels where the noise becomes
uncorrelated.
Motion of the EM streamer
The central 4 m section of the streamer was further instrumented with 21 reflective
markers in order to monitor cable motion using Qualisys underwater infrared motion
capture cameras. The locations of these markers are shown in Figure 6.18(a). The
cameras record the X,Y,Z positions of the reflectors to a precision of ± 2 mm at a
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distance of 10 m. The positions of the markers are defined by a right-handed Cartesian
coordinate system, as shown in Figure 6.18(b). The X direction is aligned with the
streamer while Z is in the vertical upwards direction.
Video recording
An underwater camera was placed at the same depth, and a distance far enough to
capture the motion of the prototype streamer. During the filming, the flow speed was
increased gradually from 0, 0.5, 1, and 1.5 m s−1. To visualize flow pattern surrounding
the streamer, hydrodynamic tufts of 15 cm long, were attached at 1 m interval along
the streamer.
Increased flow rates and wave motion
Two tests were carried out to investigate the effect on noise levels of increasing wa-
ter flow rate and wave motion at different frequencies and amplitudes around the
streamer.
• Test 1: The effect of flow. Water flow was generated parallel to the streamer. Data
were acquired for flow rates of 0, 0.5, 1, and 1.5 m s−1.
• Test 2: The effect of wave motion. Data were acquired with a constant flow rate of
0.5 m s−1 parallel to the streamer and wave amplitudes of 0.1 m. Wave frequency
of 0.29 Hz was generated (1) in parallel to the streamer, (2) at 45◦ to the streamer,
and (2) perpendicular to the streamer.
Table 6.3 shows the tests that were carried out in each configuration.
Wiring configuration The effect of flow The effect of wave motion
Config.1 Yes No
Config.2 Yes Yes
Config 3 Yes Yes
Table 6.3: Tests carried out on each wiring configuration.
The motion of the streamer was recorded simultaneously with the electric field in order
to investigate the relationship between the electric field noise and cable motion.












































































Figure 6.18: (a) Sketch of the 4 m section of the streamer. The round black spots denote the
motion sensors and the circle black spots represent electrodes. (b) Layout and coordinate
system for the motion detection cameras. The streamer is oriented North-South. The red
arrow indicates the origin of flow.
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6.4 The prototype and the conventional CSEM streamer -
The differences
The FloWave tank is an excellent place to study the mechanism of noise generation in
the streamer as experiments can be carried in a controlled manner. Table 6.4 shows
the differences between the FloWave tank and the towed CSEM streamer. A number of
artificial methods were used to give an indication of the streamer behaviour towed by
a vessel. For example, the flow in the tank was gradually increased from 0 m s−1 until
1.5 m s−1 to simulate and quantify the effect of flow noise in noise measurements.
A 30 m prototype streamer is certainly different from an 8000 m conventional towed
CSEM streamer in many ways. For example, the tension is much less in the FloWave
tank compared to the towed CSEM streamer. In fact, the prototype streamer was manu-
ally anchored at both ends at the edge of the tank by a Dyneema rope compared with
the presence of both a deflector at the head and a tail buoy at the end of the streamer.
These devices create and maintain tension forces on the streamer which constraint the
motion of the streamer.
Towing depth is another important parameter for the performance of the towed CSEM
streamer. A commercial streamer is towed generally at a depth of 100 m which corres-
ponds to its operational depth. During experiments in the FloWave tank, the prototype
streamer was kept at a depth of 1 m. This depth discrepancy is not of any importance
as the most depending depth parameters is the sea state 1.
Parameter FloWave tank Towed CSEM streamer
Water depth 3 m 500 m or less
Towing depth 1 m 100 m
Streamer length 30 m up to 8000 m
Channel lengths 1–16 m 200–1100 m
Towing speed 0, 0.5, 1, and 1.5 m s−1 2.1–2.6 m s−1
Sources of noise Provocation: flow and
ocean swell noise
Natural: flow and ocean
swell
Streamer configuration Head and tail of the
streamer anchored in the
tank by Dyneema rope
Streamer anchors at the
head by a lead-in cable and
at the tail by a tail buoy
Table 6.4: Differences between the FloWave tank experiment and the towed CSEM streamer
1In oceanography, a sea state is the general condition of the ocean surface with respect to wind waves
and swell. The sea state can be in the range of 0 to 9, where 0 is perfectly calm, and 9 is wave
heights above 14 m (Elboth et al., 2010a).
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Summary
This chapter described two experiments. The first one consisted of testing the marine
Ag-AgCl electrodes and the data acquisition devices that were then used to build a
prototype towed CSEM streamer. Comparing two pairs of marine Ag-AgCl electrodes
to a pair of land Cu electrodes and a commercial marine Ag-AgCl demonstrated that
the new Ag-AgCl electrodes sensed similar background noise as the two others. The
success of this experiment led to the second, which involved a series of tests carried out
on the prototype towed CSEM streamer suspended in the Edinburgh FloWave tank.
7
FloWave Tank Data Analysis
Observations should only be used to falsify possible solutions, not to
deduce any particular solution.
Albert Tarantola (1949–2009)
Physicist
From the data collected in the FloWave tank (chapter 6), I identify and quantify two
separate sources of noise: the motionally-induced noise due to water flow rates and to
wave motion. I show that the motion of a prototype streamer in the FloWave tank
in response to an increase of flow rate increases the flow noise level. However, almost
all flow noise is generated as the flow increases from 0 to 0.5 m s−1. This initial large
difference in flow noise is due to flow over the electrode surfaces which disrupts ions
at the surface of the electrode. I also show that the wave motion noise is 12 dB above
the flow noise. In addition, I calculate the wave motion electric field noise level and
compare it with the measured electric field noise. I observe that the calculated wave
motion noise is correlated with the measured electric field noise. However, the measured
electric field noise is generally is a factor of about 3 greater than the calculated wave
motion electric field noise. This discrepancy is likely caused by additional noise in the
telluric cable between the electrodes and the amplifier. Finally, I estimate the overlap
channels length for the motionally-induced noise to be uncorrelated. I find out that the
“optimal” overlap length is about 1 m.
Parts of this chapter were published in Djanni et al. (2016) with the title Electromagnetic induction in
a towed electromagnetic streamer, copyright 2016 SEG. I adjusted the original text, layout, and symbols
to fit the style of the thesis.
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During the FloWave tank experiment described in chapter 6, I investigated the effect
on the noise level caused by a gradual increase in flow rate: from 0 m s−1, 0.5 m s−1,
1 m s−1 and 1.5 m s−1. This was done in the three wiring configurations. However, the
effect of wave motion on noise level was carried out only for wiring configuration 3.
This chapter shows the results obtained after processing of the data collected using
these wiring configurations. The first part of this chapter describes the quality con-
trol (QC) and the processing steps carried out while analysing the prototype streamer
motion and the measured electric field noise. The second and third parts focus on the
effects of flow and wave motion on the motion of the streamer and on the electric field
noise. The fourth part isolates and estimates the motionally-induced electric field noise
due to wave motion (this will be referred to as wave motion noise) and compared it
to the measured electric field noise. The fifth part investigates the distance at which
the wave motion noise becomes uncorrelated with the neighbouring channels. The last
part investigates the idea that the signal-to-noise ratio of the towed streamer controlled
source electromagnetic (CSEM) could be improved by using multiple channels instead
of a single channel.
7.1 Motion and electric field data: QC and processing steps
Flow pattern
During the FloWave tank experiment, an underwater camera was used to visualise the
flow pattern around the streamer. No wave motion was generated during the recording.
A recorded video showing the flow pattern and the motion of hydrodynamic tuffs is
attached to the compact disc. When watching the video recorded with the underwater
camera, the hydrodynamic tuffs were generally parallel to flow. This means that the
flow pattern was laminar around the streamer for different flow rates.
QC of the streamer displacement data
To analyse the motion capture data, I inspected the data and identified missing values
using a Matlab motion capture toolbox namelyMoCap Toolbox (Burger and Toiviainen,
2013). Figure 7.1 displays a map of the state of the markers as the flow was increasing
from 0.5 m s−1 to 1 m s−1. The vertical axis denotes the marker label and the horizontal
axis displays the number of samples recorded by each marker. The thick black lines show
the number of missing values in each marker, whereas, the white space shows that the
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markers function well without any missing values. Figure 7.1 shows that marker 8A,
11A, 11B, 12A, 12B, and 12 C malfunctioned during this run. They were therefore































Figure 7.1: A markers map showing the missing values. Markers 8A, 11A, 11B, 12A, 12B, and
12 C malfunctioned during this run. I used the MoCap Toolbox to display this figure.
3D motion of the streamer
It is difficult to visualise streamer motion from the displacement of a single component.
A more intuitive way to display the displacement is to plot the displacement of two
components as a function of time. Figure 7.2(a) and (b) show the displacement of a
single marker in the Y-Z and X-Z planes for a wave propagating along the X-direction
(parallel to the streamer). Figure 7.2(c) and (d) show the displacement of the same
marker in the Y-Z and X-Z planes for a wave propagating at 45◦ to the streamer
direction. Figure 7.2(e) and (f) show the displacement of the same marker in the Y-Z
and X-Z planes for a wave propagating in the Y-direction.
Regardless of the wave direction, it can be seen from Figure 7.2(b), (d), and (f) that the
displacement in the X-direction is almost zero. This is because the streamer is anchored
at both ends in the X-direction. Moreover, when the wave propagates in the X-direction,
the Y- and Z-displacements are similar in amplitude and oscillate at the wave frequency.
When the wave moves at 45◦ to the streamer direction, the Y-displacement increases
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by about a factor of 5 while the Z-displacement stays constant. As the wave propagates
perpendicular to the streamer direction, the Y-displacement increases by a factor of 10
while the Z-displacement increases by a factor 2 compared to its previous position.
Figure 7.2 demonstrates that the streamer displays a rotary motion. Figure 7.2(a) and
(b) show that the streamer depicts a vertical rotary motion in both the Y-Z and X-Z
plans when the wave moves parallel to streamer direction, while the streamer displays
a lateral rotary motion in the Y-Z plane (Figure 7.2(c) and (d)), and a vertical rotary
motion in the X-Z plan (Figure 7.2(d) and (f)) as the wave moves at 45◦ and 90◦to
the streamer direction, respectively. Figure 7.2 also shows that the biggest displace-
ment is observed in the Y-direction when the wave is propagating perpendicular to the
streamer. In offshore conditions, this signifies that the towed CSEM streamer experi-
ences it biggest motion when the cable moves laterally or vertically.






















































































































































































































































Figure 7.2: Trajectory of marker 5C. (a) Y-Z displacement when the wave was moving parallel
to the streamer direction. (b) X-Z displacement when wave was moving parallel to the
streamer direction. (c) Y-Z displacement when the wave was moving at 45◦ to the streamer
direction. (d) X-Z displacement when the wave was moving was at 45◦ to the streamer
direction. (e) Y-Z displacement when the wave was moving perpendicular to the streamer
direction. (f) X-Z displacement when the wave was moving perpendicular to the streamer
direction.
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Motion and electric field processing steps
In the time domain, the mean of the data was first subtracted so that the data fluctuate
around zero. In the frequency domain, the 70 s data were divided into 7 equal 10 s
windows. I applied a Hanning taper to each window and used the result to calculate
the discrete Fourier transform (DFT), power spectral density (PSD), and amplitude
spectra density (ASD) as shown in equations (0.4), (0.7) and (0.8), respectively. To
obtain the final frequency spectra, I averaged the obtained frequency spectra from each
window.
The distribution of noise along a streamer was obtained by averaging the root mean
square (RMS) values from several statistically independent records (Elboth et al., 2009).
To compute the mean RMS, the following steps were implemented:
1. A low-pass filter was applied to the data to remove signals above 10 Hz. This
limit is chosen because in Chapter 4, I observed that above 10 Hz, the noise was
dominated by magnetotelluric (MT) noise.
2. The noise data were divided into a number of equal length windows. In our case,
the 70 s noise records were divided into 7 equal 10 s windows. Doing this reduce
the noise to a level that allows flow rates and waves motion features to be observed.
3. The mean was removed in each window.
4. RMS was calculated in each window.
5. Standard deviation and standard error were computed to give a measure of the
RMS variability.
7.2 The effect of flow - Wiring Configuration 3
The displacement and electric field data were acquired simultaneously for flow rates
of 0 m s−1, 0.5 m s−1, 1 m s−1, and 1.5 m s−1 in absence of wave motion. The time
domain of the displacement data for different flow rates is plotted between -0.2 m and
0.2 m in the vertical axis to be consistent with the wave motion displacement data.
The amplitude spectra density (ASD) for different flow rates is plotted between -110
dB and 0 dB for the same reason.
Displacement of the streamer
The displacement of the centre of the prototype streamer for flow rates parallel to the
streamer (X-direction) at 0 m s−1 (purple), 0.5 m s−1 (green), 1 m s−1 (orange), and
1.5 m s−1 (red) in the X-, Y-, and Z-direction is shown in Figures 7.3(a), (b), and (c),
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respectively. The ASD of the data shown in Figures 7.3(a), (b), and (c) are displayed
in Figure 7.4(a), (b), and (c).
In the time domain, as shown in Figure 7.3, it can be seen that the effect of gradually
increase the flow rate is not visible in the X-displacement (Figure 7.3(a)). However,
this effect is observable in the Y-displacement(Figure 7.3(b)) and Z-displacement (Fig-
ure 7.3(c)). In fact, the largest motion is observed in the Y-direction (Figure 7.3(b)) —
18 times and 1.5 times greater than the motion in the X- and Z-direction, respectively.
In the frequency domain, as shown in Figure 7.4, the following observation can be
made:
• At frequencies above 3 Hz, the effect of gradually increase the water flow rate is
not visible. In fact, the displacement is almost identical for different flow rates
in the X-direction (Figure 7.4(a)) and Z-direction (Figure 7.4(c)). However, in
the Y-direction (Figure 7.4(b)), there is a 5 dB difference between the flow being
at 0 m s−1 to 0.5 m s−1. I was not to explain this difference and the other data
available were not of a good quality.
• At frequencies below 3 Hz, the effect of increasing flow rates is clearly visible. The
streamer motion increases as the water flow rate increases. However, most of the
increase occurred as the flow rate increased from 0 to 0.5 m s−1. For example, at
0.1 Hz, for flow rate increasing from 0 to 0.5 m s−1, the increase in the Y-direction
is the largest — this increase is approximately 17 dB in the X-direction, 31 dB
in Y-direction, and 24 dB in the Z-direction. Above 0.5 m s−1, this increase is
gradual but modest, in the X-direction, the streamer motion increases is 3 dB
from 0.5 to 1 m s−1, and approximately 4 dB from 1 to 1.5 m s−1.
The observations made in Figures 7.3 and 7.4 suggest that the streamer is sensitive
to water flow rate. However, most of the streamer motion occurs when there is no
flow to 0.5 m s−1. Beyond 0.5 m s−1, the effect of flow rates on the streamer motion
is small. In practice, the streamer is generally towed at about 2.05–2.5 m s−1, which is
the minimum velocity to ensure that the streamer can be held at the same depth by
depth control devices (Anderson and Mattsson, 2010). Since increasing the flow rate
has a meaningful effect above 0.5 m s−1 and assuming that the flow pattern around a
commercial streamer is laminar as observed during our experiments, this could suggest
that the current velocity of the vessel in the towed streamer CSEM is likely not a
limiting factor. In the next section, the effect of this streamer motion in the electric
field noise is investigated thoroughly.
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Figure 7.3: Displacement of the streamer in the X- (a), Y- (b) and Z- (c) direction for a marker
in response to flow rates of 0 m s−1 (purple), 0.5 m s−1 (green), 1 m s−1 (orange), and 1.5
































































































































































Figure 7.4: ASD of the displacement in the X- (a), Y- (b), and Z- (c) direction for data shown
in Figure 7.3(a), (b), and (c), respectively.
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Electric field analysis
This section focuses on electric field measurements recorded simultaneously with the
streamer displacements shown Figure 7.3. The motionally-induced electric field noise
due to the effect of flow rates is referred to as flow noise. Figure 7.5 was obtained by
averaging RMS values of the electric field in the time domain from the 4 flow rate: 0,
0.5, 1, and 1.5 m s−1. Figure 7.6 was obtained by calculating the ASD of the electric
field data following equation (0.8). For comparison purposes, the average RMS noise
level and ASD for a flow rate of 0.5 m s−1 and a wave motion parallel to the streamer
direction (dashed pink) is also plotted.
Analysis of the results from Figure 7.5 indicated that channels 2, 3, 7, and 10 may be
faulty and were therefore excluded from my analysis. In addition, from Figure 7.5 it
can be seen that the RMS electric field noise levels recorded without flow and wave
motion (black bar on the graphs) vary from channel to channel. This noise corresponds
to En in equation (3.4). Because the environmental electric noise field due to the MT
signal (Ei) is the same for all channels, it is reasonable to assume that any discrepancy
between channels is due to electrode noise at each channel and the motionally-induced
noise (ET ).
From Figure 7.5, it can be seen that the RMS noise level increased by approximately
40% (factor of 1.6) as the flow increased from 0 to 1.5 m s−1. However, more than half
(about 25%) of this increase occurs between there being no flow and flow of 0.5 m s−1.
This observation is connected to the motion of the streamer as shown in Figure 7.4.
The effect of a constant laminar flow of 0.5 m s−1 and wave motion is shown by the
brown bar in Figure 7.5. The RMS noise level increased by 180% (factor of about 3)
V m−1 from a 0.5 m s−1 with no wave motion (black rectangular) to a constant flow
of 0.5 m s−1 with wave motion (brown rectangular). Comparing the wave motion and
flow noise, it is clear that wave related noise is in average more than twice than that
of the flow related noise.
Analysing the ASD as shown Figure 7.6, the following observation can be made:
• Above 3 Hz, the flow and wave motion noise are relatively flat. This is likely due to
white noise from the loggings electronics (Havsgård et al., 2010; Constable et al.,
1998). The same observation was made in the towed CSEM streamer electric field
noise in Figure 4.2 — Chapter 4 and when analysing the streamer motion due
to flow motion in Figure 7.4.
• Below 3 Hz, the effect of flow and wave motion noise on the electric field is
observable. The effect of increasing the flow rate is clear below 0.2 Hzİt can be
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seen that the flow noise increases with flow rates. However, almost all flow noise
is generated as the flow increased from 0 to 0.5 m s−1. The analysis made here
do not match with the observation made by (Constable et al., 2015). Constable
et al. (2015) claim that noise was generally lower at higher tow speeds. However,
Constable et al. (2015) do not provide any data to support their argument.
Another observation we can make is that the wave motion effect is observable at
the input wave frequency. At 0.29 Hz, there is a 12 dB difference between the
electric field recorded when the flow is moving a parallel to the streamer at 0.5
m s−1 with no wave motion. This is consistent with the observation made when I
analysed the average RMS noise in Figure 7.5 and the motion of the streamer as
shown in Figure 7.4.
Since the flow noise increases as the water flow rate increases, this suggests, in practice,
that the flow noise increases as tow velocities increase. However, because the flow noise
increases only by about 0.1 V m−1 as the flow rate increased by 0.5 m s−1 could suggest
that flow noise is not a limiting factor in the towed streamer CSEM. This is consistent
with the streamer motion analysis showed in Figure 7.4. The 13 (factor of 4.5) dB
difference between wave motion and flow noise at 0.29 Hz demonstrates that wave
motion — that caused the vertical and lateral motion of the streamer — is the major
limiting factor in the towed streamer CSEM. Extrapolating these results to a flow rate
of 2.5 m s−1 at which towed streamer data are acquired and assuming that the flow
pattern is laminar suggests an increase in the noise level (due to ET , in equation (3.4))
of 45% and above the static noise level (En, in equation (3.4)).
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No flow= no wave motion
Flow velocity = 0z5 m/s
Flow velocity =0z5 m/s and wave motion at 0z29 Hz
Flow velocity = 1 m/s
Flow velocity = 1z5 m/s
Figure 7.5: The average RMS noise level in the time domain as a function of water flow rate:
0, 0.5, 1 and 1.5 m s−1. The average RMS noise level for a flow rate of 0.5 m s−1 and a wave







































Flow:0 m/s, no wave
Flow: 0.5 m/s, no wave
Flow: 1 m/s, no wave
Flow: 1.5 m/s, no wave
Flow: 0.5 m/s, wave parallel to the streamer
    Wave frequency = 0.29 Hz
Figure 7.6: ASD of the electric field recorded for flow rates parallel to the streamer: 0 m s−1
(purple), 0.5 m s−1 (green), 1 m s−1 (orange), and 1.5 m s−1 (red). ASD for a flow rate of
0.5 m s−1 and a wave motion parallel to the streamer direction is shown in dashed pink.
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By analysing Figure 7.4 and Figure 7.6, we can conclude that electric flow noise ori-
ginates from the motion of the streamer as flow past around the streamer. Following
Curtin (1970) who investigated the effect of water flow near electrode surfaces when
Ag-AgCl electrodes are towed in sea, we can state that local hydrodynamic effects due
to water flow near the surface of electrodes is another possible explanation for the large
electric field difference generated when flow rates increase from 0 to 0.5 m s−1. Hydro-
dynamic effects result from the electrical structure interface that exists between metal
electrodes immersed in electrolytes.
In Curtin (1970), the model of this interface is based on the “double layer” model
developed by Helmholtz in 1871. Since then, many models of the double layer have
been published in the literature. The Helmholtz double layer assumes a compact layer
of ions in contact with the charge electrode surface. The next model, the Gouy and
Chapman model evolved from the Helmholtz’s model and suggests a model in which the
ions are diffused to some distance from the solid surface. In a further development, the
Stern model proposes that the electrode-electrolyte interface includes both the compact
Helmholtz layer and the diffuse one of Gouy and Chapman. During our experiments,
it was impossible to determine which model was in used. This is because the double
layer model depends on electrode material (metals, electrode porosity, the presence of
layers of either oxides or other solid materials at the surface), type of solvent, type
of supporting electrolyte, the extent of specific adsorption of ions and molecules, and
the temperature (Scholz, 2002). Nevertheless, the double layer consists of an inner
Helmholtz plane (IHP) and an outer Helmholtz plane (OHP). The IHP is associated
with solvated cation ions and the OHP is associated with absorbed ions. Figure 7.7
shows a schematic diagram of a Helmholtz double layer model.
As the water flows past the electrodes, the solvated and absorbed ions are transported
and therefore, their organisations are locally disrupted at the electrode surfaces (Lauga,
2004). This established a potential difference known as the streaming potential (Lauga,
2004). This streaming potential is referred here as flow noise. To reduce the flow noise
effect, Curtin (1970) carried out two experiments. In the first one, electrode surfaces
were in direct contact with water flow and in the second one, the electrodes were shielded
with a porous material. Curtin (1970) noted the potential difference was considerably
low in the second experiment.
Moreover, the effect of wave motion is also shown in Figure 7.6 (pink dashed lines).
The motionally-induced electric field due to wave motion is referred to as wave motion
noise. From Figure 7.6, it can be seen that the wave motion noise is observable only
at the wave frequency of 0.29 Hz. In fact, the wave motion noise is approximately 13
dB (factor of 4.5) above the flow noise level regardless of the velocity of the water.
166 7 | FloWave Tank Data Analysis
This means that electric field noise due to wave motion is larger than the flow related
noise.
Figure 7.7: A detailed structure of the double layer model (Barlow and Macdonald, 1967). In
my case, the metal is the silver-silver chloride electrode (Ag-AgCl). The electrolyte is fresh
water.
7.3 The effect of wave motion - Wiring Configuration 3 167
7.3 The effect of wave motion - Wiring Configuration 3
In this section, I investigated the effect of wave motion on the motion of the streamer
and the electric field that is measured simultaneously. Three different wave motion were
analysed: waves travelling parallel, at 45◦, and perpendicular relative to the streamer
direction. For comparison purposes, I also plotted a constant flow rate of 0.5 m s−1
and no wave motion — this is similar to noise recorded with the node based CSEM
system. All waves were generated at a frequency of 0.29 Hz and an amplitude of 0.1 m.
Waves moved in presence of a constant flow rate of 0.5 m s−1 parallel to the streamer
direction.
Displacement of the streamer
The displacement of the centre of the prototype streamer under the influence of the
three wave motion types in the X-, Y-, and Z-direction is shown in Figure 7.8(a), (b),
and (c), respectively. In each component, flow only (purple), waves propagating parallel
(green), at 45◦(orange), and perpendicular (red) relative to the streamer direction are
displayed.
Like observed in Figure 7.3, Figure 7.8 shows that the displacement in the X-direction
is negligible (± 0.005 m) compared to the displacement in the Y-direction (± 0.14 m)
and Z-direction (± 0.04 m). The largest displacement is measured along the streamer’s
Y-direction as the wave moved perpendicular to the streamer. In the Y-direction, for
example, the displacement due to a perpendicular wave motion is a factor of about 12
higher than when the wave propagates along the streamer direction and is a factor of
about 2.6 higher than when the wave propagates at 45◦ to the streamer direction.
The ASD of the data in Figure 7.8(a), (b), and (c) are shown in Figures 7.9(a), (b),
and (c), respectively. Considering Figure 7.9, the following observation can be made:
• Above 3 Hz, the amplitude of the streamer not moving is comparable to it amp-
litude when under the influence of wave regardless the directions. The effect of
wave motion is not visible at these frequencies. The same observation was made
when analysing the amplitude of the streamer’s motion due to flow motion (Fig-
ure 7.4).
• Below 3 Hz, the sensitivity of the streamer to wave motion is clear. For an input
wave frequency of 0.29 Hz, there is a peak in the amplitude spectrum at both
the wave frequency and the second and third harmonics of 0.58 Hz and 0.87
Hz, respectively. This is indicated in Figure 7.9(b) by the arrows. Harmonics are
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observed because the streamer was setting up a standing wave at these frequencies
as a result of being anchored at each end. In general, the streamer motion increases
as the wave motion becomes transverse relative to the streamer direction. In the
Y-direction for e.g., at 0.29 Hz, the streamer motion increases by about 10 dB
(factor of 3), 30 dB (factor of 32), and 40 dB (factor of 100) above the level
of the static streamer as the wave moves parallel, 45◦, and perpendicular to the
streamer direction.
The observations made in Figures 7.8 and 7.9 are significant for the commercial towed
CSEM streamer. They indicate that in practice, the streamer is highly sensitive to
wave motion, particularly when the streamer motion is perpendicular to the streamer
direction. The largest sensitivity of the streamer is in Y-direction regardless of the type
of wave motion. Comparing these results to the one made when analysing the effect
of gradually increasing the water flow rate, Figures 7.3 and 7.4, suggest that that the
major source of the streamer motion is due to transverse wave motions.
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Flow:0.5 m/s, no wave
Flow: 0.5 m/s, wave parallel
Flow: 0.5 m/s, wave 45 degrees
Flow: 0.5 m/s, wave perpendicular






















































Flow:0.5 m/s, no wave
Flow: 0.5 m/s, wave parallel
Flow: 0.5 m/s, wave 45 degrees
Flow: 0.5 m/s, wave perpendicular
Figure 7.8: Displacement of the streamer in the X- (a), Y- (b) and Z- (c) direction in response
to, a constant flow rate of 0.5 m s−1 parallel to the streamer (purple), a wave motion of
amplitude 0.1 m travelling parallel to the streamer direction (green), at 45◦to the streamer













































Flow:0.5 m/sZ no wave
Flow: 0.5 m/sZ wave parallel
Flow: 0.5 m/sZ wave 45 degrees


























































































Figure 7.9: ASD of the displacement in the X- (a), Y- (b), and Z- (c) direction for data shown
in Figure 7.8(a), (b), and (c), respectively.
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Electric field analysis
Measurements of the electric field noise were made simultaneously as the displacement
data collected Figure 7.8. From Figure 7.10, it can be seen that the RMS electric field
noise levels recorded without flow and wave motion (black bar on the graphs) vary from
channel to channel. This noise corresponds to En in Equation 3.4 as explained above
in “The effect of flow” section.
The effects of waves travelling in different directions relative to the streamer are shown
in Figure 7.10. The RMS noise level, due to ET in Equation 3.4, increases on average
approximately by a factor of 2.3, 2.9, and 3.1 above the static noise level (En, in
Equation 3.4) for waves propagating parallel, at 45◦, and perpendicular relative to the
streamer direction, respectively. However, most of the increase occurred between the
static noise level and waves parallel to the streamer.
It can be seen from Figure 7.11 that the effect of wave motion above the static noise
level is noticeable only at the input frequency, that is 0.29 Hz. The wave motion noise
increases by an average of 12 dB(factor of 4), 13 dB(factor of 4.5), and 15 dB (factor of
5.6) above the static noise level (En, in Equation 3.4) as the wave propagates parallel,
45◦and perpendicular, relative to the streamer direction, respectively. This observation
is consistent with the RMS analysis in Figure 7.10 and with the streamer motion
analysis made in Figure 7.9.
The observations made in Figures 7.8 to 7.11 show that the wave motion electric field
noise is connected to the motion of streamer. We can also conclude that the greater the
transverse angle, the greater the streamer motion and the wave motion electric field
noise. The relation between the wave motion and the motion of the telluric cables is
investigated further in the next section: “Isolating the motionally-induced noise”.
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Figure 7.10: The average rms noise level in the time domain as a function of wave motion






































Flow:0.5 m/s, no wave
Flow: 0.5 m/s, wave parallel
Flow: 0.5 m/s, wave 45 degrees
Flow: 0.5 m/s, wave perpendicular
   Wave frequency = 0.29 Hz
Figure 7.11: ASD of the electric field measurements in response to, a constant flow rate of
0.5 m s−1 parallel to the streamer (purple), a wave motion of amplitude 0.1 m travelling
parallel to the streamer direction (green), at 45◦ to the streamer direction (orange), and
perpendicular to the streamer direction (red). Wave frequency = 0.29 Hz.
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The experiments carried out in the FloWave tank, to some extent, are only valid for a
constant laminar flow around the streamer. In practice, this means that the streamer
needs to be aligned perfectly with the mean flow and that the conditions need to
remain constant for the results to be accurate. However, there are currents in the water
and Elboth et al. (2010a), showed that the flow pattern around the streamer is not
necessary laminar, it is mostly turbulent. During marine seismic exploration, Elboth
et al. (2010a) stated that turbulent flow generation depends on the flow velocity and
weather conditions. Nevertheless, the analysis of the data collected during the FloWave
tank experiment provides a qualitative and quantitative picture of how the streamer
and the electric field behave when under the influence of flows and waves motion.
The analysis of the effect of flow rates and wave motion indicate that flow noise is
independent of the wave motion noise. The flow electric field noise is caused both by
the motion of the streamer and by local hydrodynamic effects due to the disruption of
ions at the electrode-electrolyte interface. The wave motion electric field noise is solely
due to the motion of the prototype streamer. Moreover, in the time domain, I showed
that the increase of the flow rate increases the noise level in prototype streamer. The
increase of electric field due to wave motion is approximately twice that due to the
increase of the flow rate relate noise. In the frequency domain, the greatest increase
in noise level (15 dB (factor of 5.6) above the static noise level) is observed when the
wave moves perpendicular to the streamer direction. I also showed that the component
of the streamer that is most sensitive to flow rates and wave motion (regardless the
direction) is the one perpendicular to the streamer direction — the Y - direction.
Next, it is reasonable to assume that the main source of high amplitude, low-frequency(0–
3 Hz) electric field noise in recordings is due to transverse wave motion. At 0.29 Hz, we
observed a noise peak. This noise corresponds to the input wave frequency. Following
the results of our experiments, we could suggest that the prominent peak observed at
0.07 Hz, in towed CSEM electric field noise data in Figure 4.2 - Chapter 4, is due to the
motion of the streamer under the influence of ocean swell. In fact, ocean swell causes
the streamer to move vertically and laterally.
Based on these observations and analysis of the streamer motion and the subsequent
electric field flow noise, we could suggest that under normal circumstance, the vessel
velocity is not a limiting factor in the towed streamer CSEM. To reduce the effect of
flow and wave motion noise, the following suggestion could be used:
• To reduce the flow noise, one way could be to use electrodes that are hydro-
dynamically and chemically isolated from the effect of flow passing at their sur-
faces by a porous material.
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• To reduce the wave motion noise, limiting the lateral and vertical motion of the
streamer has to be addressed. One way could be by towing the streamer deeper or
increasing the streamer tension. This is an engineering problem, not a geophysics
one!
7.4 Isolating the motionally-induced noise
The electric field noise data measured on the channels inside the streamer (Channel
12) was compared with the electric field measured on the fixed channels ( Channel 14)
outside the streamer. These data were recorded at the same time as the data shown
in Figure 7.8 (orange). Figure 7.12(a) and (b) show data acquired using Channel 12
(inside the streamer, 6 m apart) and Channel 14 (fixed channel, 6 m apart), respectively.
The effect of the wave motion can be seen on Channel 12 but not on Channel 14. The
noise seen on Channel 12 is induced by the motion of the cable in response to the wave.
The amplitude spectrum in Figure 7.12(c) clearly shows large peaks at the fundamental
wave frequency (0.29 Hz) and its harmonics on Channel 12, but not on Channel 14.
This is clear evidence that the motion of the streamer in the Earth’s magnetic field in
response to waves causes noise to be induced in the streamer.
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Channel 14 (fixed channel)
Figure 7.12: Data from Channel 12 (inside the streamer) and Channel 14 (fixed channel). (a)
Electric field data recorded by Channel 12. (b) Electric field data recorded by Channel
14. (c) Amplitude spectrum data shown in (a) and (b).
Coherence analysis
Figure 7.13(a) and (b) were obtained by calculating the coherence between the electric
field noise sensed by the electrodes inside the prototype streamer and the displace-
ment of the cable at the same time. The input wave was at the frequency of 0.29 Hz
(Figure 7.15(a)) and 0.45 Hz (Figure 7.15(b)).
Figure 7.13(a) and (b) show that there is a strong correlation (0.91) between channels
inside the streamer and wave motion. In contrast, the correlation is very low (0.12)
between the fixed channel outside the streamer and wave motion (dashed line). These
results confirm that channels inside the streamer are sensitive to wave motion. Fixed
electrodes with the signal cable out of the water are not sensitive to wave motion. This
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Channel x2mb and Z-displacement
Channel x8mb and Z-displacement
Channel x12mb and Z-displacement









































Channel x2mb and Z-displacement
Channel x8mb and Z-displacement
Channel x12mb and Z-displacement
Channel xfixed electrodesb and Z-displacement
Figure 7.13: Magnitude squared coherence of electric field and Z-displacement data. (a) Wave
frequency 0.29 Hz. (b) Wave frequency 0.45 Hz.
Wave motion wavelength estimation
The wavelength and the speed of the wave moving in the tank can be estimated by
calculating the cross-correlation between a reference marker and other markers spread
along the streamer. In this case, Marker 5C is used as the reference marker. From
each cross-correlation, the maximum cross-correlation coefficient and the corresponding
delay time was picked. Figure 7.14 shows the maximum cross-correlation coefficient
for the 7 markers that were active during experiments in the X-(Figure 7.14(a)), Y-
(Figure 7.14(b), middle), and Z-directions (Figure 7.14(c)). The circles show individual
correlations. Figure 7.14 was obtained when the wave was travelling at a frequency of
0.29 Hz and at 45◦ to the streamer direction. The largest streamer motion was observed
in the Y-direction. Therefore, to estimate the wave wavelength, Figure 7.14(b) is used.
Estimating the wave motion speed is very important as it contributes to the estimation
of the motionally-induced electric field noise.
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Figure 7.14: Maximum cross-correlation coefficient against time delay between marker 5C
(reference) and the other markers - for e.g. 5C/10C means cross-correlation between
marker 5C and 10C. The distance between Marker 5C and 10C is 1.5 m.





where, D5C−10C is the distance between Marker 5C and 10C which is 1.5 m from
Figure 6.15. The delay time between Marker 5C and 10C is denoted by Tdelay and
is equal to 0.3 s from Figure 7.14(b). Using these values in equation (7.1), I obtain




where f is the wave frequency. In this case, f = 0.29 Hz. Replacing the value of f in
equation (7.2), the wavelength of the wave in the tank is about 17 m.
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Estimation of the motionally-induced electric field noise
Mathematical expression
The motionally-induced voltage between a pair of electrodes in the streamer is given




(v×B) · dl, [V]
where
dl = axdlx + aydly + azdlz , (7.3)
B = axBx + ayBy + azBz , (7.4)
v = axvx + ayvy + azvz , (7.5)
where ax, ay, and az are based vectors in the X-, Y-, and Z-directions, respectively.
Bx and By are the horizontal components of the magnetic field, Bz is the upwards
component of the magnetic field. vx is the streamer velocity parallel to the streamer (in
the X-direction), vy is the streamer velocity perpendicular to the streamer (in the Y-
direction), and vz is the vertical streamer velocity (in the Z-direction). Equations (7.3)












(vyBz − vzBy)dlx + (vzBx − vxBz)dly + (vxBy − vyBx)dlz . (7.6)
In our experiment, the streamer was placed along the X-axis and in the north-south
direction as shown in Figure 6.13. Therefore, equation (7.3) becomes
dl = axdlx , (7.7)




(vyBz − vzBy)dlx . (7.8)
The streamer has 7 active markers that recorded its displacement in the X-, Y- and
Z- directions. Hence, I divided the interval length [la lb] into n = 7 subdivisions. That
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is:
la = l1 < l2 < ... < ln = lb (7.9)
The velocity is a function of position along the streamer and time. It is determined
from the displacement data. It is estimated by the difference between the current and




The magnetic field components are assumed constant for the duration of the data
acquisition. Therefore, using the trapezoid rule (defined in equation (0.29)) to approx-
imate the integral in equation (7.8), it follows that the predicted motionally-induced









where li+1 − li is the spacing between each consecutive pair points.
Results
Using equation (7.11) and the displacement data obtained when the wave was travelling
at 45◦ to the streamer direction (Figure 7.8 (orange)), an estimation of the motionally-
induced noise for the cable was computed. As shown in Figure 7.14, this wave had a
wavelength of about 17 m, and was travelling at a velocity of 5 m s−1. This motionally-
induced noise was compared to the electric field sensed simultaneously at the electrodes
as the streamer was moving within the Earth’s magnetic field.
Figure 7.15(a) displays the electric field noise in the time domain sensed by Channel
4 (red), Channel 5 (green), and the motionally-induced noise estimated from equa-
tion (7.11). Figure 7.15(b) shows the amplitude spectrum obtained from Figure 7.15(a).
The measured electric field noise of Channel 14 (fixed channel) is also shown in black.
On Figure 7.15(c), two coherence analyses are plotted: the coherence between Chan-
nel 11 and the estimated motionally-induced noise (blue), and the coherence between
Channel 12 and the estimated motionally-induced noise (orange).
From Figure 7.15(a), the estimated motionally-induced noise is very well correlated
with the measured electric field noise. This observation is confirmed in Figure 7.15(c),
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where the correlation coefficient between the estimated motionally-induced field and
the measured electric field noise is about 1 Vm(Hz)−1/2 at the input frequency of the
wave (0.29 Hz). Even though the estimated motionally-induced and the electric field
noise are correlated, Figure 7.15(b) shows that the measured electric field noise is higher
than the estimated motionally-induced field noise by a factor of 2.7. The same results
were obtained in most of the runs. This observed discrepancy in amplitude is likely to
be explained by one of the two possible reasons. First, an additional noise between the
electrodes and the amplifier. This could result in the addition of a specific amount of
noise to the analogue potential voltage sensed at each channel.
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Coherence between Ch4 and emf

































Figure 7.15: Measured electric field noise by Channel 4 (red) and Channel 5 (green), and the
estimated motionally-induced field (dashed brown) due to a wave motion of frequency
0.29 Hz with wavelength equal to about 17 m travelling at 45◦ to the streamer direction.
(a) Time domain analysis. (b) ASD of data plotted in (a). (c) Coherence analysis.
7.5 Correlation distance - Wiring Configuration 2
To estimate the distance at which the noise becomes uncorrelated, I used Wiring Config-
uration 2. In this configuration, all the channels extend from the same central electrode
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(Channel 13), and overlap one another. The overlap distance between Channel 13 and
the other channels is displayed in Table 7.1.
Channel number Overlap length (m)
Channel 13 - Channel 12 8
Channel 13 - Channel 11 8
Channel 13 - Channel 10 6
Channel 13 - Channel 9 6
Channel 13 - Channel 8 4
Channel 13 - Channel 7 4
Channel 13 - Channel 6 2
Channel 13 - Channel 5 2
Channel 13 - Channel 4 1
Channel 13 - Channel 3 0.5
Channel 13 - Channel 2 0.25
Channel 13 - Channel 1 0
Table 7.1: Overlapping length between Channel 13 and the other channels.
Figure 7.16(a) was produced by cross-correlating the electric field noise recorded by
Channel 13 with the other channels for two cases: when the water was flowing at a
constant rate of 0.5 m s−1 without a wave motion (red circle) and with the wave trav-
elling at a frequency of 0.29 Hz parallel to the streamer direction (green stars). From
each cross-correlation, the coefficient found at zero lag was picked. The curves were
then produced by using a cubic spline through the correlation coefficient values to
show the spatial correlation length of flow only (red curve) and flow and wave mo-
tion (green curve) noise. The horizontal axis represents the overlap length highlighted
in Table 7.1, and the vertical axis denotes the correlation coefficient. Figure 7.16(b)
shows the Pearson residual which is calculated by dividing the residual by its standard
deviation as expressed in equation (4.14). It is produced to evaluate how well the cubic
spline function fit the data.










































Flow velocity = 0.5 m/s, no wave motion
Flow velocity = 0.5 m/s, wave motion at 0.29 Hz
Zero level = non−correlation level
Cubic fit − Flow velocity = 0.5 m/s, wave motion at 0.29 Hz
Cubic fit − Flow velocity =0.5 m/s, no wave motion
Residual − Flow velocity = 0.5 m/s, no wave motion
Residual − Flow velocity = 0.5 m/s, wave motion at 0.29 Hz
+/- 1 standard deviation
mean
Figure 7.16: Spatial correlation distance of electric field noise recorded along the streamer.
(a) For flow velocity at 0.5 m s−1 (red circle) and when the flow velocity is 0.5 m s−1
and wave motion at 0.29 Hz (green stars). The horizontal dashed black line indicates the
boundary below which the noise becomes uncorrelated. (b) Residual plot from (a).
From Figure 7.16(a), it can be seen that in general, the correlation length decreases as
the overlap length decreases. Figure 7.16(a) shows also that when the water is flowing
at a constant velocity of 0.5 m s−1, the flow noise is correlated out to about 5.5 ± 0.2
m (red arrow) overlap length. When the flow is at the same velocity but with wave
moving at 0.29 Hz parallel to the streamer direction, the correlation is shortened to
about 1 ± 0.2 m (green arrow) overlap length. This difference in correlation length is
explained therefore by the presence of low-frequency, high amplitude wave motion.
Figure 7.16(b) shows that the residual appears to behave randomly and hover around 0
(dashed line). Most of the data (apart from 1 point) are within ± 1 standard deviation
(blue dash-dot lines) from the mean. This suggests that the cubic spline fits the data
well.
The result of this analysis demonstrates that channels sharing the same central electrode
and having 1mor less overlap length could be used to record uncorrelated motionally-
induced noise regardless the state of the water. This could be investigated in future
experiments.
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7.6 Single channel or multiple small channels - Wiring
Configuration 1
In this section, I investigate the idea that the SNR of the towed CSEM could be
improved by using multiple channels of total length “L” instead of a single channel of
the same length. Wiring configuration 1 is used to investigate this idea thoroughly. For
the purpose of this work, the noise level of a single channel, namely Channel 1 (16 m)
is compared with a group of non-overlapping channels identified as:
• Group 1: Ch2 (8 m) + Ch3 (8 m),
• Group 2: Ch4 (4 m) + Ch5 (4 m) + Ch6 (4 m) + Ch7 (4 m), and
• Group 3: Ch8 (2 m) + Ch9 (2 m) + Ch10 (2 m) + Ch11 (2 m) + Ch12 (2 m) +
Ch13 (2 m) + Ch14 (2 m) + Ch15 (2 m) .
Figure 7.17 was obtained by calculating the RMS from noise recorded by each channel
as the water was flowing at a velocity of 0.5 m s−1. A similar RMS trend was obtained
with other water flow velocity. The dashed black line represents the RMS noise level
of the single channel. From Figure 7.17, one can observe that Channel 1 is a factor of
1.3, 1.4, and 2 smaller than the RMS noise level recorded by Group 1, Group 2, and
Group 3, respectively. This increase in RMS level as the number of channel increases
within a group of channel is associated with the increase of electrode noise because of
additional electrodes.
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Group 1 = Ch2+Ch3 (16m)
Group 2 = Ch4+Ch5+Ch6+Ch7 (16m)
Group 3 = Ch8+Ch9+Ch10+Ch11+Ch12+Ch13+Ch14+Ch15 (16m)
Figure 7.17: Root mean square amplitude of a single channel (Ch1 (16 m)) compared with 2
channels per 8 m group (Group 1), 4 channels per 4 m group (Group 2), and 8 channels
per 2 m group (Group 3).
Placing the channels more densely in the streamer as expressed in equation (6.1), could
improve the SNR only if the electrode noise issue is addressed. The need to keep the
Ag-AgCl electrodes in contact with water is one of the Ag-AgCl drawbacks because of
the electrochemical reaction at the surface of the electrode that generates additional
noise as shown in Figure 7.17. In addition, small variations of the temperature, salinity
of water lead to an increase in the electrode measurement noise at frequencies below
1 Hz (Havsgård et al., 2010; Hibbs and Nielsen, 2008; Corwin, 1973). To overcome
this additional noise at the Ag-AgCl electrode, one solution could be to use capacitive
electrodes because they offer a way to measure electric potential without contact with
the medium and without electrochemical reactions(Constable et al., 2012). This was
explained in Section 3.3, Page 62 . Therefore, the use of multiple short channel length
instead of a single long channel length to improve the SNR of the towed system could be
possible if the capacitive electrodes are used as sensing devices instead of the Ag-AgCl
electrodes .
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7.7 Implications for towed streamer CSEM
The experiment allows me to isolate and quantify the effects of flow rates relative
to waves motion on the streamer. It allows also me to discriminate and quantify the
contribution of flow noise compared to wave motion noise measured simultaneously
with the streamer displacements. The results show how the electric field is affected
by streamer motion are and are applicable to any motion of the cable, not just wave
motion. Moreover, the same mechanism applies to long streamers.
The results of this experiment demonstrate that the flow noise is sizable from no flow
to 0.5 m s−1, and precautions must be taken to reduce it. For this reason, commercial
electrodes are shielded by a porous plastic that minimises the flow passing at the
electrode surfaces whilst still allowing the electrode to function normally (Constable,
2013; Havsgård et al., 2010). From the result of the data collected in the FloWave tank,
it is clear that the largest noise in the towed streamer CSEM originates from the lateral
rotary motion of the telluric cable in the Earth’s magnetic field. In fact, the variation
of the velocity of the lateral motion of the telluric cable in the Earth’s magnetic field
causes an additional voltage to appear at the electrodes according to Faraday’s law of
































Figure 7.18: Illustration of the lateral motion of the telluric cable in the Earth’s magnetic field
B(t). The streamer is shown moving in the X-direction. Regardless of the wave motion
direction relative to the streamer direction, the greatest motion is observed on the lateral
component.
In the absence of any method for prediction and subtraction, the noise can only be
reduced by not being recorded in the first place. This means that motionally-induced
noise can be reduced by limiting the lateral motion of the cable while towing. This
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motion depends on the mechanical properties of the cable, its tension, and the forces
acting at its surface. The wave motion noise can therefore be reduced by the following
approach:
1. Use of rigid telluric cables. This could reduce the displacement of the cables when
the streamer is hit by an ocean current or swell.
2. Increase the streamer and the telluric cable tension. Increasing the tension acts
as a damping force that reduces the motion of the streamer compared to water
motion.
3. Tow the streamer deeper to avoid the influence of ocean swell.
4. The channel overlap distance could be about 1 m or less for the noise to be
uncorrelated. This overlap distance is extremely small compared to the 300 m
overlap distance between channels shown in Figure 4.1 and Table 4.3, and is
unfeasible with current technology
Any combination of items 1–4 will reduce the noise and any relative improvement in
1–3 will as well. In item 4 however, unless the distances can be reduced to ∼ 1 m no
gain will be seen from reducing to more than that.
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Summary
I have looked at electromagnetic induction in a prototype streamer. The streamer was
found to be sensitive to flow rates and to wave motion from any direction. The streamer
experienced its largest displacement in the Y-direction when the wave was propagating
perpendicular to it.
I observed that two separate phenomena were responsible for the motionally-induced
electric field noise: the flow rates and the waves motion. First, the motionally-induced
electric field noise due to flow rate (flow noise) is found to increase with flow velocity.
Significant flow noise is generated from no flow to 0.5 m s−1, and increases modestly
above 0.5 m s−1. This is caused by local hydrodynamic effects due to water flowing
over the electrode surfaces. Second, the motionally-induced electric field noise (wave
motion noise) is observable only at the wave frequency and increased with transverse
waves motion — with the largest wave motion noise measured when the wave was
perpendicular to the streamer. I showed that the wave noise was due to the motion
of the telluric cable as a result of wave motion. Telluric cables inside the streamer are
sensitive to wave motion, while fixed electrodes with telluric cables out of the water
are insensitive to wave motion. This observation provides clear evidence that the wave
noise is due to the motion of the telluric cable in the Earth’s magnetic field.
In addition, I showed that the flow noise is a factor of 2 smaller than wave motion noise
even for a small 16 m long streamer in the time domain. In the frequency domain, the
flow noise is 12 dB (factor of 4) smaller than the wave motion noise at 0.29 Hz (input
wave frequency).
I also found that the measured electric field noise was higher than the estimated
motionally-induced noise by a factor of 3. The difference could be attributed to the
additional noise between the electrodes in the cable and the amplifier.
I showed that the correlation length decreases with the overlap regardless of water state.
However, channels with an overlap distance of about 1 m record uncorrelated noise
when the wave is propagating at 0.29 Hz. I conclude that this is an “optimal” overlap
distance. Finally, I showed that using multiple non-overlapping silver-silver chloride
(Ag-AgCl) channels instead of a single channel increases the overall noise level.
The use of rigid telluric cables, short channels and capacitive electrodes could improve
the overall signal-to-noise ratio of the marine towed streamer CSEM. This could also
be improved by increasing the streamer tension at the head and at the tail, or by
towing the streamer deeper. I summarised these findings and provide a list with ways
to mitigate flow noise and wave motion noise recordings.
8
Conclusions
I have noticed that even people who claim everything is predetermined
and that we can do nothing to change it, look before they cross the road.
Stephen Hawking(1942–)
Physicist
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8.1 Findings
To deliver risk mitigation in the pursuit of oil and gas discovery, a towed controlled
source electromagnetic (CSEM) system is faster and cheaper to operate than the con-
ventional autonomous node based CSEM system, but it is noisier within the frequency
range of interest: 0.01–1 Hz. Many sources of noise contribute to this increase in noise
level including magnetotelluric (MT) noise, electrode noise, and motionally-induced
electric field noise (a combination of flow noise and swell noise). At the beginning of
this thesis, it was challenging to identify the contribution of each of these sources of
noise. Several publications in marine CSEM suggested that the major source of noise
in towed streamer CSEM is due to the motionally-induced electric field noise. However,
none of these publications provided the mechanisms that generate this noise or quantify
it in comparison to other noise sources. The work presented herein addressed these two
last points in three ways.
In the first part of this thesis, I analysed and compared noise data collected using towed
CSEM and a static CSEM ocean bottom cable (OBC) system. I showed that the towing
noise is about 20 dB (factor of 10) above the level of the OBC noise in the frequency
range of interest. I showed that this discrepancy is caused by the motion of the telluric
cable within the Earth’s magnetic field. However, I was unable to discriminate or to
quantify the contribution of flow noise and swell noise (which was addressed in the
final section). In the first part, I also showed that within the frequency ranges 0.03–
0.1 Hz and 0.3–2 Hz, the motionally-induced electric field noise is uncorrelated across all
channels, but highly correlated (0.9) at about 0.2 Hz. I suggested that the uncorrelated
nature of noise is likely due to the pressure fluctuations within the turbulent boundary
layer surrounding the streamer that causes the telluric cable to move with a different
wavelength from one point to another. I suggested also that the correlated nature of
the noise observed at about 0.2 Hz is likely due to ocean swell that causes the telluric
cable to move with the same wavelength.
Stacking by averaging a set of data could be one way to improve the signal-to-noise
ratio (SNR) of the system. However, stacking is optimal when noise components from
channel to channel are uncorrelated. If the noise is correlated, stacking will have limited
to no effect. That is why it is important to identify the mechanism that generated the
correlated noise present at about 0.2 Hz. Understanding the cause of the correlated
noise will help develop methods to reduce the noise, or prevent it from being recorded
in the first place.
The second part of this thesis addresses the parameters that cause the motionally-
induced electric field noise. I derived a quantitative theory of the motionally-induced
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noise for the case of a horizontal, and a curved streamer moving in a constant and
time-varying magnetic field. I showed that no motionally-induced electric field noise is
generated when the streamer is horizontal and moving in a constant magnetic field.
When the streamer is curved, I used a mathematical model of its shape which was
obtained by taking into account the forces acting on the surface of the streamer. I then
derived the expression of the motionally-induced electric field noise analytically using
the aforementioned model. This expression showed that the motionally-induced electric
field noise depends on the feather angle at the head and tail of the streamer and on the
vertical and the lateral motion of the streamer change caused by the cross-currents. The
variation over time of one of these parameters generates a motionally-induced voltage
across the channels.
In the final part of this thesis, in an attempt to identify and quantify the various
sources of noise in the towed CSEM data, a prototype streamer was built and used in
the FloWave tank to reproduce the flow noise and the wave motion noise that affect
the towed CSEM system, and to test various wiring configurations that could help
to reduce the motionally-induced noise. The effect of water flow around the streamer
was tested by gradually increasing flow rates parallel to the streamer from 0 m s−1
to 0.5 m s−1, 1 m s−1, and 1.5 m s−1. The effect of wave motion was also investigated
by propagating wave frequencies of 0.29 Hz parallel, at 45◦, and perpendicular to the
streamer direction. From the data collected during the FloWave tank experiment, I
was able to discriminate, quantify, and describe the mechanisms that generate flow
noise and swell noise. Below are highlighted the six main findings that were made after
processing the FloWave tank experiment data:
1) I showed that the streamer motion increases as flow rates increase from 0 m s−1
to 1.5 m s−1. Most of this increase occurred as flow increases from 0 m s−1 to 0.5
m s−1. The largest motion was observed in the Y-direction — 18 times and 1.5
times greater that the motion in X- and Z-direction, respectively. I also demon-
strated that the flow noise increases with flow rates from 0 m s−1 to 1.5 m s−1.
Most of the increase in flow noise also occurred between 0 m s−1 and 0.5 m s−1.
There was a modest increase in noise above 0.5 m s−1. The large increase in noise
from no flow to due to 0.5 m s−1, was due to local hydrodynamic effects caused
by flow over the electrode surfaces.
2) I showed that wave motion noise was, on average, 2 times higher than flow rate
related noise in the time domain. In the frequency domain, the wave motion noise
was about 3.5 times greater than the flow noise at the wave frequency of 0.29 Hz.
Above 0.29 Hz, the flow noise and wave motion noise have a flat spectrum and
were on average similar in amplitude.
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3) I showed that the streamer was highly sensitive to wave motion, regardless of
the wave motion direction. The greatest displacement was observed when the
wave was travelling perpendicular to the streamer direction and was measured
along the Y-direction. I also showed that the electric field noise increases with the
transverse wave motion. In fact, for a wave parallel to the streamer, the electric
field noise was typically 12 dB (factor of 4) above the static noise at the wave
frequency of 0.29 Hz. The electric field noise was about 13 dB (factor of 4.5) and
about 15 dB (factor of 5.7) above the static noise level as the wave moved at 45
degrees and perpendicular to the streamer, respectively. This noise was due to
the lateral motion of the telluric cable in the Earth’s magnetic field.
4) When a wave of frequency 0.29 Hz and about 17 m in wavelength was trav-
elling at 45◦ to the streamer direction, the estimated motionally-induced field
noise deduced from the displacement of the streamer was shown to be highly
correlated (0.9) with the measured electric field noise. However, this estimated
motionally-induced electric field noise was, in general, a third smaller compared
to the measured electric field noise. This discrepancy was likely caused by the
additional noise in the telluric cable between the electrodes and the amplifier.
5) I used Wiring Configuration 2, in which one central electrode is common to each
channel, to estimate the overlap correlation length of the flow and wave motion
noise when the wave was moving at 0.29 Hz, parallel to the streamer direction.
The overlap correlation length varied strongly from 8 m to about 1.2 m. The
channels that had an overlap length of 1 m or less, recorded only uncorrelated
noise. Given the 8 m maximum channel separation, this is the optimal overlap
distance.
6) I used Wiring Configuration 1, to compare the noise level recorded by a single
channel with the noise recorded by multiple small non-overlapping channels with
the total length equal to the single channel length. I showed that placing small
channels more densely in the streamer generated noise that was up to 2 times
greater than the noise generated by a single long channel. The noise increases
because of the additional noise originating from the electrochemical reactions at
the surface of the silver-silver chloride (Ag-AgCl) electrodes with the water. I
proposed that one solution to reduce the noise caused by the Ag-AgCl electrodes
is to use capacitive electrodes.
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As a result of the towed CSEM noise analysis, the derived quantitative expression of the
motionally-induced noise, and the processing of the data collected during the FloWave
tank experiment, the following research could be carried out in the future.
• During the FloWave tank experiment, I observed that the water pattern sur-
rounding the streamer was laminar. In the future, it will be interesting to carry
out the same test but by generating turbulent flow around the streamer as this
more is likely to happen in offshore conditions.
• In Chapter 7, I showed in Figure 7.16 that in the presence of a constant flow
velocity and wave motion propagating parallel to the streamer direction, the “op-
timal” overlap distance between channels for the noise to be uncorrelated noise is
1 m or less. Testing this configuration in the towed CSEM streamer could lead to
the reduction of the effect of ocean swell, and therefore improve the overall SNR
of the system.
• The electric field is calculated by dividing the potential voltage by the effective
length of the channel. As a consequence, short channel length, ideally 1 m long,
might help to eliminate the dependency of the electric field on the channel length.
This implies that the channels will be placed more densely within the streamer
than in the wiring configuration shown in Figure 4.1 of Chapter 4. However, as
shown in Figure 7.17 of Chapter 7, the use of small Ag-AgCl channel lengths
instead of a single one is disadvantageous because of the additional noise due to
the addition of electrodes. An alternative to overcome the electrode noise could
be to use capacitive electrodes to measure potential voltage.
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